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ABSTRACT 
For several decades, mild steel has been an ideal mandated material in many industrial 
applications. However, unlike stainless steel and other special steel alloys, mild steel is 
prone to corrosion attack, leading to devastating failures of equipment and metallic 
structures over time, causing losses worth billions. This situation has spurred 
researchers to find solutions for the corrosion phenomenon.  
The present work investigates the inhibition efficiency as a corrosion inhibitor of an eco-
friendly and cost-effective composite developed from organic polymers. Synthesis of an 
environmentally friendly copolymer composite of Polyethylene glycol L-proline 
(PEGLP), from polyethylene glycol and L-proline, was carried out. A variety of analytical 
equipment was used to evaluate the characteristics of PEGLP. Results of Fourier-
transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, X-ray 
diffraction, scanning electron spectroscopy-energy dispersive spectroscopy, 
thermogravimetric and organic elemental analyser analysis show that a composite was 
produced. Fourier-transform infrared spectroscopy and nuclear magnetic resonance 
spectroscopy confirmed the presence of –COOH, -C-H, N-C and –OH in the PEGLP 
molecules, making the PEGLP ideal for corrosion inhibition. Spectroscopy-energy 
dispersive spectroscopy and organic elementary analysis showed that the mass 
percentages of nitrogen, carbon and oxygen were higher on the PEGLP than in the 
starting materials; which confirms that the PEGLP has bulk molecular weight that will 
improve inhibition efficiency. Thermogravimetric analysis revealed that PEGLP was 
thermally stable up to 200oC and could be used for a wide range of applications below 
200oC without it degrading.  
Subsequently, the newly synthesised PEGLP was investigated as a corrosion inhibitor 
for mild steel in 1 M HCl, and its corrosion inhibition properties were studied by means 
of gravimetric and electrochemical techniques, from which corrosion rate, inhibition 
efficiency, thermodynamic parameters and adsorption were determined. The 
gravimetric technique focused on the effects on the mild steel of concentrations of the 
inhibitor between 200 ppm and 800 ppm, immersion time from 1 h to 9 h, and 
temperatures from 298 K to 338 K. It was found that an increase in inhibitor 
concentration led to a decrease in corrosion rate. The optimal concentration, with the 
 
V 
highest inhibition efficiency of 94.48% at 298 K, was observed while working with 800 
ppm after an exposure time of 6 h; after 6 h, the inhibition effect decreased gradually.  
The effects of temperature were used to assess the adsorption on mild steel and 
dissolution of the mild steel phenomenon. Results reveal that an increase in temperature 
led to an increase in corrosion rate, due to the PEGLP decomposing at high 
temperature. Moreover, it was found that PEGLP adsorption adheres to the Frumkin 
isotherm model at best fit, with regression coefficient values R2 relatively close to unity 
and ranging from 0982 to 09953. Thermodynamic parameters indicate that PEGLP 
adsorption on mild steel had taken place mainly by exothermic physisorption reaction. 
Scanning electron microscope and atomic force microscopy surface analysis showed a 
decrease in surface roughness in the presence of the inhibitor. This result was due to 
the formation of an adsorptive layer that was justified by the presence of nitrogen, 
carbon and oxygen on the mild steel surface, found by energy dispersive X-ray analysis.  
Electrochemical measurements were focused on open circuit potential (OCP), 
potentiodynamic polarisation (PDP) and electrochemical impedance spectroscopy 
(EIS). The results show that mild steel is less prone to corrosion attack in 1 M HCl in the 
presence of PEGLP, based on open circuit potential evaluation. The susceptibility and 
the underlying mechanistic information on corrosion was investigated further by 
potentiodynamic polarisation (PDP) and EIS. Potentiodynamic polarisation 
measurement through tafel plots reveals that PEGLP was a mixed-type inhibitor; as its 
concentration was increased, a decrease in corrosion current density Icorr, from 
2556.361 to 162.363 µA, and an increase in resistance polarisation Rp, from 11.86 to 
148.503 , were observed. The maximum inhibition efficiency was found to be 93.65% 
for 800 ppm of PEGLP. EIS data represented in terms of Bode and Nyquist plots also 
showed an increase in charge transfer resistance, from 9.612 to 464.9 , based on EIS 
cell simulation to an equivalent electric circuit. In every case, electrochemical studies 
reaffirm the evaluation based on the effect of inhibitor concentration on the corrosion 
rate and inhibition due to the formation of an adsorptive layer on mild steel in 1 M HCl, 
as mentioned above, during gravimetric studies.  
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CHAPTER 1: INTRODUCTION 
1.1 INTRODUCTION  
This chapter will elaborate on the different impacts of corrosion as a natural devastator 
process. Hence, in this chapter, some typical examples of corrosion associated with 
safety, the environment and financial cost will be presented. This discussion will be 
followed by a brief explanation of the devastating effects of corrosion on daily human 
activities. This chapter will, in addition to the conceptual aspect of corrosion, 
successively introduce preventive methods, problem statements, research questions, 
the aim and objectives of the study, and the significance of the present project. The 
chapter will close with the layout of the dissertation. 
1.2 BACKGROUND 
Industrial development and humankind’s daily adaptation are directly associated with 
knowledge and usage of metals, and ways to protect the metals. Humankind is forced 
to live in metal-based societies due to their industrial applications. Metals are used 
extensively in several sectors, such as railways, aeroplanes, automobiles, ships, 
turbines, electric motors and hydraulic pumps, and for building modern bridges and oil 
rigs. Furthermore, metals are used for smaller but nevertheless important items, from 
simple razor blades to knives and forks. One aspect central to all these metallic 
inventions, innovations and motive power, is the particular class of metal known as 
steel [1]. 
Due to its importance in most manufacturing and transformation industries these days, 
the steelmaking industry is considered to be one of the key indicators of economies of 
developing countries [1]. Unfortunately, like other metals, steels that are exposed to 
the environment are converted to their lower energetic inorganic compounds, in the 
form of carbonate, sulphide or oxide; therefore, steel is in a permanent metastable 
state, which causes perpetual degradation. The rate of degradation is linked directly 
to the environment in which the steel is exposed, unless actions are taken to minimise 
corrosion risk for the service duration. 
Corrosion has a direct impact on safety and economics. Degradation causes 
considerable losses, which can amount to billions of dollars. It can lead to severe 
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injuries or death, contamination of the environment and financial losses. For instance, 
injury and loss of life resulted from an explosion at a chemical plant in Bhopal, India, 
in 1984 (Figure 1.1). Corrosion of steel pipes caused water to leak into tanks 
containing methylisocyanate, which lead to the escape of methylisocyanate and other 
toxic gases, which killed over 8 000 people. In addition, a further 15 000 people at the 
site died due to the explosion, while an estimated 500 000 others suffered from gas 
inhalation [2]. 
 
Figure 1.1: Burnt-out pesticide plant at Bhopal, India, after an explosion in 1984 [2], [3]. 
In 2009, the sinking of the ferry Princess Ashika led to the deaths of all passengers 
and crew (a total of 74) (Figure 1.2). The ferry sank because of corrosion, which 
prevented the doors and entrances of the Princess Ashika from closing fully [2]. 
 
3 
 
Figure 1.2: Sunken ferry, Princess Ashika, in which people lost their lives [2], [3]. 
 
Environmental causes of corrosion can be related to leaks from perforated tanks, 
containers, or pipelines used to transport and store oil, gas, water and sewage. In 
2006, a drastic incident happened in northern Alaska, where a leak of approximately 
1 million litres of crude oil covered 0.8 hectares of snow. In this case, corrosion had 
occurred on both the inside wall and the outside surface of the Prudhoe Pipeline. This 
leak lead to a catastrophic and irreparable ecological situation [3]. Figure 1.3 shows 
the location of the leak. 
 
 
 
Figure 1.3: a) Source of the leak at the Prudhoe Pipeline in 2006. (b) Transit line spill [2], [3] 
The financial implications of the costs related to corrosion are set out by a report 
initiated and funded by the United States government and published in 2002. The 
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report evaluated direct and indirect costs of corrosion in 26 different sectors in relation 
to infrastructure, utilities, transportation, production and manufacturing, government 
defence and nuclear activities [4]. The investigation found, as illustrated by the pie 
chart in Figure 1.4, that the total amount of direct costs was US$137.9 billion per year 
[3]. This amount can be allocated as follows:  
 The need for additional or more expensive materials to prevent corrosion 
damage,  
 The labour required to deal with corrosion, 
 Equipment needed to control the corrosion phenomenon on a daily basis,  
 Loss of dependability, and 
 Loss of capital due to corrosion-induced deterioration.  
 
Figure 1.4: Direct costs of corrosion in five major sectors (Hansson, 2015) 
In turn, an investigation of the indirect costs evaluated it to amount to a total of 
USD$276 billion, which was estimated to be more than 3% of the United States’ gross 
domestic product [5]. 
In South Africa, Mintek together with the Corrosion Institute of Southern Africa have 
reported the direct cost of corrosion to be estimated around R130-billion [6]. This 
means half of every ton of steel produced, is produced merely to replace corroded 
steel. This denotes a significate carbon footprint, as 380 kg of carbon dioxide is 
produced for every ton of steel produced. 
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The observations above show that corrosion can have a considerable impact on 
personal items, industrial machinery and public property, by rendering them non-
adaptive, aesthetically disagreeable and potentially unsafe. This situation did not leave 
researchers unconcerned; instead, it attracted their attention and forced them to 
investigate and understand the corrosion phenomenon as it occurs in different 
conditions, in order to propose appropriate, effective and sustainable solutions to 
control or reduce the degradation rate as effectively as possible. 
The term corrosion, from the Latin corrodere, means ‘‘to chew away’’ or ‘‘to attack’’. 
By definition, it is presented as a state of deterioration in metals caused by oxidation 
or chemical action [7]. 
Despite corrosion being well known because of its negative impacts on materials 
exposed to specific environments, the phenomenon can be utilised, and its positive 
aspects can be explored. For instance, a positive industrial application is using 
corrosion to protect aluminium, by applying a coating under an anodic voltage in a 
suitable electrolyte. During this process, anodisation reinforces the surface of 
aluminium by improving corrosion resistance [7]. The same application can be used 
for decorative purposes. Anodisation is used in chemical and electrochemical 
polishing to smooth the surface [8]. 
Therefore, based on the above the global definition of corrosion, both its positive and 
negative effects can be included in the definition, as irreversible and continual 
interfacial reaction of a material with its environment. This reaction can result in the 
loss of material or in the diffusion of one of the constituents of the environment, such 
as hydrogen absorption into steel [9]. 
The rate at which the corrosion process takes place is intimately linked to the type of 
metal, the chemical environment, temperature, the usage to which it is assigned, and 
the exposure time. Like other metals and their related alloys, mild steel is highly 
sensitive to corrosion when it is exposed to aggressive environments. Because of its 
technical importance and high demand for it in the market, mild steel has been 
subjected to many investigations to reduce the corrosion [10]. To date, several 
strategies to protect mild steel from corrosion have been initiated at laboratory and 
industrial levels. 
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Efficient and advanced methods have been innovated and implemented, among which 
the following, which are considered to be the most useful commercial methods: 
material selection, cathodic protection, organic coatings, corrosion inhibitors, 
conversion coatings and design [11]. Some of the methods have proven their 
effectiveness in controlling the corrosion mechanism, while others have shown 
limitations in meeting environmental constraints, and failing to exhibit adaptability in 
relation to the costs involved in their application. For instance, despite the 
effectiveness of chromate in promoting the adhesion of organic coatings used as a 
surface pretreatment method, the method has been prohibited due to its 
aggressiveness and environmental toxicity. Cathodic protection has shown 
incontestable performance when applied to mostly metallic structures that are exposed 
to an aggressive electrolytic solution [12]. Cathodic protection can be used for exterior 
surfaces of pipelines, structures of ships, jetties, foundation piling, steel sheet-piling, 
offshore platforms, the interior surfaces of tanks used to store water, and piping used 
to circulate and dispatch water. Unfortunately, in practice, cathodic protection can only 
be used to protect steel structures that are buried in soil or immersed in water, and it 
cannot be used for steel that is exposed to atmospheric corrosion. 
The development of sustainable and eco-friendly protection methods is required for 
the future. Therefore, an eco-friendly alternative will be proposed in this work, by 
developing a non-hazardous and cost-effective inhibitor for the protection of mild steel. 
1.3 RESEARCH PROBLEM STATEMENT 
Even though various metals (e.g., stainless steel and aluminium) have significant 
importance in various industrial applications, it is clear that iron or mild steels are the 
most widely used engineering materials. The latter metals have found application in 
the petrochemical, automotive, energy generation and alloy industries, where they are 
exposed to alkalis, acids and brine solution environments [13], [14]. Due to their low 
cost and their physical and mechanical properties, they are coveted materials in most 
manufacturing and transformation industries. They have excellent ductility and permit 
many cold-forming operations. 
However, mild steel does not have homogeneous surfaces, and when it is exposed to 
a particular environment, it cannot form stable surface passive films, as stainless steel 
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can. This situation makes using mild steel costly, because it has to be permanently 
replaced once it has been degraded severely [15]. 
Corrosion causes an economic burden in most processing and manufacturing 
companies, and can cause major equipment failure. The major problem relating to the 
corrosion process is its natural characteristic of being perpetual and continual. This 
characteristic makes it difficult or impossible to completely prevent corrosion. 
However, an adequate understanding of the corrosion mechanism can help us to 
effectively control and reduce its propagation rate [16]. 
The increasing awareness in health and ecological risks arising from the toxic 
inhibitors has drawn more need towards the development of non-toxic, cheaper, and 
environmentally acceptable and biodegradable corrosion inhibitors which resist 
corrosion to a maximum or leaving least impact to mankind and nature [17]. The use 
of organic chemicals as inhibitors has been recognized as one of the saluted practical 
methods for the protection of metal against corrosion [18], [19]. Unfortunately, some 
organic inhibitors are toxic, expensive, non-environmentally friendly and non-
biodegradable [20]. Amino acids are presented as one of the safer corrosion inhibitors 
compounds since their biomolecules are playing a determinant role in the all-organic 
compound by being in the structure of compounds such as proteins, neurotransmitters, 
hormones, and nucleic acids as essential substances [18]. Due to the exceptional 
property of amino acids such as environmentally friendly compounds, water-soluble 
compound and their ability to produce a high purity product at cost-effective make 
them ideal compound to use in the development of eco-friendly corrosion inhibitors. 
 
Therefore, this study will propose an eco-friendly alternative, which involved 
developing a non-hazardous and cost-effective inhibitor for the protection of mild steel. 
The present project was focused on understanding the mechanisms associated with 
the corrosion phenomenon on mild steel in the presence and absence of a synthesised 
organic inhibitor. 
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1.4 RESEARCH QUESTIONS 
Evidence on the costs of corrosion has encouraged researchers to investigate this 
field and find ways to satisfy users, manufacturers, and suppliers. To achieve the aim 
of the present project, the question is how to reduce corrosion costs and related risks. 
The following research questions were posed: 
 Can the use of natural organic products as corrosion inhibitors prevent metal 
dissolution in acidic media? 
 What are the characteristics of the inhibitor molecules that are needed for 
adsorption to the metal steel surface? 
 Can the mixture of inhibitors have a synergic effect on the improvement of 
inhibition performances, compared to the effect of individual inhibitors when 
used separately to prevent metal corrosion? 
 In which optimum working conditions (concentration, temperature and time) 
will/can the composite inhibitor assure the protection of mild steel? 
1.5 AIM AND OBJECTIVES 
1.5.1 Aim 
The aim of this research was to investigate the possibility of synthesising 
environmentally friendly organic material using polyethylene glycol with L-proline, and 
investigating its inhibition efficiency (IE) on mild steel in acidic media (HCl). 
1.5.2 Objectives 
To achieve the aim of the research, the following specific objectives were defined: 
1. To select water-soluble polymer starting material (poly-ethylene glycol (PEG) 
and L-proline) that will, after synthesising, form a copolymer composite capable 
of absorbing/adsorbing efficiently on a mild steel surface. It will have two parts, 
which are the head (functionalised to easily bind to the metal surface (for 
example, –COOH, -NH)) and the “body/tail” (hydrophobic, in order to prevent 
the mild steel substrate from coming into contact with H2O molecules). 
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2. To characterise the synthesised copolymer using Fourier-transform infrared 
spectroscopy (FTIR), nuclear magnetic resonance (NMR) spectroscopy, X-ray 
diffraction (XRD), scanning electron microscope (SEM), energy dispersive X-ray 
(EDS, thermogravimetric analyser (TGA) and carbon hydrogen nitrogen sulphur 
(CHNS) elemental analyser to confirm the molecular structure and to determine 
the thermal properties. 
3. To evaluate performances of the copolymer on the mild steel using corrosion 
dynamics, thermodynamic parameters and adsorption isotherms via gravimetric 
measurements. 
4. To analyse the substrate using successively scanning electron microscope 
(SEM), energy dispersive X-ray (EDX), XRD and atomic force microscope 
(AFM) before and after exposition to the corrosion medium. Atomic absorption 
spectroscopy (AAS) was also used to assess the migration of Fe ions into the 
solution. 
5. To assess the performances of the copolymer on the mild steel using 
electrochemical measurement techniques, such as open circuit potential (OCP), 
potentiodynamic polarisation (PDP) and electrochemical impedance 
spectroscopy (EIS). 
1.6 SIGNIFICANCE OF THE STUDY 
After long-time use of pipes and industrial operating units made of mild steel, the 
formation of rust and scale may have a negative impact on the quality of the final 
product. To prevent contamination, most industries clean the inside of pipes and other 
operating units with acid. During the cleaning process, the presence of defects in the 
microstructure on the surface of the mild steel can cause severe corrosion. To prevent 
this, companies use appropriate corrosion inhibitors.  
For a long time, most companies used various types of organic compounds, of which 
some are characterised by multiple bonds and aromatic rings, and others by 
heteroatoms, such as nitrogen, oxygen and sulphur. During their use, these 
compounds are effective in protecting mild steel against corrosion; they are the reason 
for a reduction in acid consumption [21]. 
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Despite the advantages offered by these inhibitors, they have limited applications, due 
to the following reasons: 
 The cost involved in their production,  
 The toxicity of the emanating by-products that form during their production, and 
 The limitations associated with inhibition performances when using a single 
polymer. 
Therefore, an ideal inhibitor has to satisfy both the cost and environmental constraints 
[22], [23]. To satisfy needs for efficiency, cost and the environment in one, using 
inhibitors containing amino acids, π electrons and heteroatoms in their molecules 
becomes a panacea, even though these solutions are characterised by a low inhibition 
efficiency when they are used alone. Parveen et al. (2018) found that the performance 
of individual inhibitors can be promoted by the addition of certain reactives [24]. 
In this study, L-proline was selected as base material, because it contains an amino 
acid group and a carboxylic group, and is environmentally friendly. These properties 
of L-proline make it a potential source for a corrosion inhibitor. However, using L-
proline alone is limited due to its: 
 Poor solubility in water, which makes it difficult to process further,  
 Poor adsorption, due to the steric hindrance, and  
 High cost, which makes it less attractive [15]. 
Polyethylene glycol (PEG) was selected as an additive to the L-proline to improve the 
latter’s solubility, as a supporting polymer. The structure of PEG and L-proline 
(PEGLP) are shown in Figures 1.5 and 1.6. 
 
 
Figure 1.5: PEG molecular structure (Mr=20 000g/mol) 
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Figure 1.6: L-proline structure 
1.7 STRUCTURE OF THE DISSERTATION 
This dissertation report is structured in eight chapters. Chapter 1 provided general 
background by contextualising the project, followed by problem statement. The aim 
and the objectives of the research project and the significance of the study were also 
presented. Chapter 2 will present the overall literature review concerning the 
fundamentals of corrosion, different types of corrosion, and corrosion techniques, 
applied to the case of mild steel. The review will elaborate on corrosion protection 
techniques in general, and organic inhibitors in particular. Chapter 3 will cover the 
various experimental techniques and instrumentation that were used in this research. 
Chapter 4, 5, 6 and 7 present results obtained in the current study. Specifically, the 
fourth chapter will focus on characterisation of the polymer composite, to help propose 
a possible structure and its properties. The fifth and the sixth chapters will cover the 
application of the composite inhibitor to mild steel. The corrosion rate (CR), the IE and 
the mechanism were investigated using gravimetric and electrochemical methods 
respectively. The seventh chapter will cover the characterisation of mild steel before 
and after being exposed to corrosion medium with and without inhibitor in 1 M HCl, 
while Chapter 8 will conclude the research undertaken and propose recommendations 
for future work. 
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CHAPTER 2: LITERATURE REVIEW 
2.1 INTRODUCTION 
This chapter will highlight what the literature reports, in order to gain an overview of 
the corrosion of mild steel. It will elaborate on the fundamental principles of corrosion 
in general, followed by an investigation into different types of corrosion that align with 
the present project. Then, a brief presentation on the behaviour of corrosion on mild 
steel will be given. An overview of different techniques that have been used to prevent 
corrosion will be presented in this chapter, and will provide details in relation to organic 
corrosion inhibitors, from classification up to the protection mechanism of an iron 
substrate. In order to promote understanding, the aim and objectives of the present 
study, and selected industrial applications using organic corrosion inhibitors, will be 
presented. To conclude the chapter, examples of corrosion inhibition on mild steel as 
found by previous studies, will be discussed. 
2.2 FUNDAMENTALS AND PRINCIPLES OF CORROSION  
2.2.1 Definition of corrosion  
Several definitions can be attributed to corrosion, depending on the type of material 
and the environment where the corrosion is taking place. Generally, the term corrosion 
refers to the deterioration of a substance due to its reaction with the surrounding 
environment. It might be noted that materials, such as plastics, concrete, wood, 
ceramics, and composite materials, can also deteriorate when placed in certain 
environments. In the present project, the term corrosion was used for metal and, more 
specifically, mild steel. Therefore, corrosion is simply referred to as the formation of 
rust due to a spontaneous process that drives metals and their alloys to their lowest 
possible energy states [25]. Corrosion involves a combination of both electrochemical 
processes and chemical reactions that cause changes in the properties of the material 
of interest when it is exposed to moisture and oxygen. 
A definitive definition of corrosion has to take into consideration both the material and 
the environment. Therefore, corrosion can be defined definitively as the unwanted 
deterioration of a material undergoing electrochemical reactions with its surrounding 
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environment, leading to a slow, steady, and irreversible degradation of the metal, 
regarding both physical and chemical properties [5]. 
2.2.2 Factors that can cause corrosion 
Four main factors may favour the corrosion process and they can be classified as 
either physical, chemical, electrochemical or microbiological. 
2.2.2.1. Physical processes of degradation 
In the case of physical degradation, materials are exposed to the effect of external 
impact and stress or exhaustion, which take place in the absence of a chemical 
environment. These impacts can lead to fracture, fatigue, wear stress, erosion or 
cavitation erosion and radiation damage [5], [26]. 
2.2.2.2. Environmentally assisted degradation processes 
In addition to physical degradation processes, the presence of chemical species, such 
as oxygen, sulphur, fluorine, chlorine or other gases in the surroundings of metal, may 
act directly and facilitate this phenomenon. Degradation can be aggravated in the 
presence of an aqueous environment [5], [26]. 
2.2.2.3. Electrochemical reactions 
Electrochemical reactions are considered to be spontaneous processes that are not 
promoted by a direct chemical reaction of a metal with its surrounding environment, 
but which, instead, involves, simultaneously, the existence of anodic and cathodic 
zones exposed to an electrolyte (see Figure 2.1) and supported by coupling of 
electrochemical half-cell reactions. 
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Figure 2.1: Representation of electrochemical corrosion [27] 
During the electrochemical process, the following will be observed: 
a) Half-cell reactions 
A half-cell reaction occurs when the oxidation and reduction take place during 
electrochemical corrosion. Therefore, there is oxidation when electrons are products 
(right-hand side of the reaction), while reduction occurs when electrons are reactants 
(left-hand side of the reaction). 
b) Anodic reactions 
The anodic reaction is characterised by the loss of metal, which can be illustrated with 
the case of Fe and the schematic diagram presented in Figure 2.2. 
In this example, the anodic reaction of Fe is  
𝐹𝑒 (𝑠) → 𝐹𝑒2+(𝑎𝑞) + 2𝑒−                     𝑅𝑥 (2.1) 
Where the notations (s) and (aq) refer to the solid and aqueous phases respectively. 
The anodic reaction is characterised by an increase in the oxidation stage and implies 
that the species undergoes oxidation by losing electrons at the anodic site. 
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Figure 2.2: Schematic representation of an anodic reaction on the dissolution of Fe 
surface immersed in an acid solution [26]  
Note that all not anodic reactions are forced corrosion reactions, since corrosion is 
considered only when there is both mass transfer and charge exchange across the 
metal/solution interface. A good express example is given by Reaction 2.2 of 
ferrocyanate ion, as follows:  
𝐹𝑒(𝐶𝑁)6
4− (𝑎𝑞) → 𝐹𝑒 (𝐶𝑁)6
3− + 𝑒−          𝑅𝑥(2.2) 
Note that the oxidation number of the Fe species in the ferrocyanate ion, on the left 
side, is +2, while on the on the right, it is +3. Therefore, there is an increase in oxidation 
number, leading to an anodic reaction. Unfortunately, this is not a corrosion reaction, 
since there is no loss of metal. 
c) Cathodic reactions 
A cathodic reaction is characterised by the gain of electrons at the cathodic site, while 
the species undergoes reduction. This reaction can be illustrated using the schematic 
diagram presented in Figure 2.3, with the case of hydrogen on an immersed iron in an 
acidic solution. 
From the example, the reduction of two hydrogen ions at a surface of Fe to form one 
molecule of hydrogen gas is a cathodic reaction, and is given by the Reaction 2.3: 
 2𝐻+(𝑎𝑞) + 2𝑒− → 𝐻2(𝑔)                          𝑅𝑥(2.3) 
This is a common reaction of hydrogen in an acidic solution. In addition, in the case of 
it being in neutral or basic solutions, the reduction of the dissolved oxygen will take 
place according to Reaction 2.4. 
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𝑂2(𝑔) + 2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻−(𝑎𝑞)                 𝑅𝑥(2.4) 
 
 
Figure 2.3: Schematic representation of a cathodic reaction on the dissolution of iron 
surface immersed in an acid solution [26] 
d) Coupled electrochemical reactions 
In most cases, anodic and cathodic reactions can take place simultaneously, but at 
different places on the metal surface, as illustrated in Figure 2.4, which shows an iron 
surface immersed in a solution containing acid. 
 
Figure 2.4: Schematic representation of coupled electrochemical reactions on the Fe 
surface immersed in an acid solution [26] 
In this case, iron atoms migrate into the solution in the form of Fe2+ ions, according to 
Reaction 2.5. Electrons generated by the anodic half-cell reaction of Fe interact with 
the H+ on the surface of the metal and it results in the formation of the H2 molecule, 
according to Reaction 2.6. 
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Typical reactions taking place in the specific situation are: 
At anodic sites:  
𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−                                   𝑅𝑥 (2.5) 
At cathodic sites:  
2𝐻+ + 2𝑒−  → 𝐻2                                   𝑅𝑥 (2.6) 
and  
The overall reaction:  
𝐹𝑒 + 2𝐻+ → 𝐹𝑒2+ + 𝐻2                              𝑅𝑥 (2.7) 
This reactions can be the result of the heterogeneous nature of a metal surface, which 
can be affected by the variation of crystal faces orientation (i.e., grains) and grain 
boundaries. 
2.2.2.4. Microbiological reaction 
Microorganisms, such as bacteria and algae, sometimes react with metal directly or 
indirectly and may be a reason for metal deteriorating. The activities of 
microorganisms are facilitated by their progressive deposit on the metal surface, 
leading to the creation of a “living” area by means of nitrogen, oxygen, hydrogen, 
and/or carbon from the environment. The development of metabolic activities produce 
metabolites, which can settle on the metal surface and promote corrosion. Biological 
activities may cause corrosion in media such as natural water, sea water, petroleum 
products and oil emulsions. The presence of microbes in a corrosive environment can 
radically change the pH and the concentration of oxygen and lead to the creation of 
acidic conditions [26]. 
2.3 TYPES OF CORROSION  
Corrosion can affect the metals in different ways, depending on the nature of the metal 
and the environmental conditions where the metal is exposed. Corrosion is manifested 
by physical damage of the metal surface, and can be classified according to one of 
the following three factors:  
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 Nature of the corrodent: Whether the metal is exposed to a “wet” environment 
involving the presence of moisture, or a “dry” environment in the presence of 
gases at high temperatures. 
 Mechanism of corrosion: Corrosion can occur either electrochemically or can 
be promoted by direct chemical reactions. 
 The appearance of the corroded metal: The heterogeneity and the type of ion 
present in the surrounding media will determine the way the corrosion is 
distributed on the metal surface – it can be uniform or localised. 
Even though there are three types of corrosion, all of them are grouped in two big 
categories, namely, general and localised corrosion, based on the size of the affected 
area. Therefore, corrosion is general or uniform when the overall surface is attacked 
equally by the corrosion, and it is localised when it is happening at an anodic site, 
where a local phenomenon is noticed. 
In the case of localised corrosion, it can be classified as either macroscopic or 
microscopic, depending on how easily it can be visualised with either the naked eye 
or a magnification tool respectively. This classification is summarised and illustrated 
in Figure 2.5.  
 
Figure 2.5: Classification of corrosion based on its appearance [17] 
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Regardless of the nature of the corrodent or mechanism of corrosion taking place 
during the corrosion process, all corrosion will lead to the surface damage represented 
in Figure 2.6. 
 
Figure 2.6: Illustrations of common forms of corrosion [25] 
Given the scope of the present project, selected types of corrosion that are relevant 
will be elaborated on briefly. 
2.3.1 General corrosion 
This type of corrosion is the most studied and refers to corrosion occurring at relatively 
the same rate over the exposed metal surface. It consists of a superficially occurring 
corrosion and is caused by a direct chemical attack. This form of corrosion progresses 
uniformly over the entire surface, resulting in a general thinning of the metal, which 
can cause structural failure or perforation of some operational units. In the case of mild 
steel, rust is known to be the most generally occurring product, in the form of Fe2O3 
[28]. 
2.3.2 Galvanic corrosion 
This type of corrosion occurs when two different metals are joined together and are 
exposed to an electrolyte where an electrochemical action is taking place, and will 
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result in the formation of rust at the junction between metals. In this case, one metal 
will gradually enhance the protection of the other by the effect of a cathodic reaction. 
Galvanic corrosion is promoted by the difference in potential of the metals involved, 
which will favour the migration of electrons through an oxidation-reduction process. 
This process can be applied positively in the case of cathodic protection using 
sacrificial anodes, as in the case of household water heater tanks, offshore oil 
platforms and water pipelines [29]. 
2.3.3 Pitting corrosion 
This type of corrosion is found mostly in the case of metals that form a protective film 
when they are exposed to a corrosive environment; they generate a whitish or greyish 
powder, such as occurs with aluminium and magnesium. After cleaning off the powder, 
pitting corrosion is characterised by localised and microscopic defects on the surface 
of the metal, in the form of holes. This type of corrosion occurs where metals are 
exposed to a saline environment containing chloride ions in competition with oxygen 
ions. The pitting progresses in depth rather than laterally, leading to perforation of 
concerned metals [30]. 
2.3.4 Crevice corrosion 
This type of corrosion is characterised by the formation of a protective passive film, 
which is considered as a shield; hence, it is named after shielded corrosion. Compared 
to material freely exposed to corrosion, crevice corrosion involves the acceleration of 
corrosion, and is more dangerous. The acceleration is promoted by the breakdown, 
after a time, of the passive film, which lets oxygen pass through and interact with the 
metal. The cracks are called crevices, and refer to gaps between parts under seals, 
and inside cracks and seams. This type of corrosion may be due to the geometry of 
the microstructure, metal with non-metallic materials and deposits of impurities, such 
as sand and dirt [31]. 
2.3.5 Intergranular corrosion 
This type of corrosion occurs mostly in alloys or metals that have been exposed to 
high temperatures, such as places where welding was done. Physical and chemical 
differences are denoted by grain boundaries, which are regions that are more reactive 
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than the uniform area of the metal. Because the grain boundaries are more reactive 
under certain conditions, in these areas, more pronounced and localised corrosion will 
take place than on the matrix. The corrosion is faster and deeper, and leads to loss of 
strength in the metal, causing catastrophic failures. 
Intergranular corrosion can be avoided, especially in the case of welding, by applying 
a suitable heat treatment. This treatment can be applied for alloys, and steels with a 
low carbon content mixed with elements such as titanium, niobium, or tantalum, which 
have a high affinity for carbon [3]. 
2.3.6 Corrosion-induced fracture 
This type of corrosion can lead to fractures or cracks in the form of stress corrosion 
cracking, hydrogen embrittlement, or corrosion fatigue. This type of corrosion can lead 
to direct fracture without any sign of deformation, or even observable corrosion; 
instead, there is a gradual dissolution of material, which will be the cause of failure [3]. 
2.3.7 Erosion and fretting corrosion  
These types of corrosion are caused by a gradual deterioration of metal’s protective 
surface film due to external mechanical and abrasion forces. These types of corrosion 
can be related to incorporated air bubbles, suspended matter and particles moving at 
a flow rate of considerable velocity, especially in the case of liquid moving and 
transporting slurries. Erosion and fretting corrosion can occur when oil and gas are 
transported in pipelines, where their motion and weight cause vibrations of high 
frequency that impact on the inner surface of tubing. These two types are contact 
corrosion processes and are more pronounced in metals such as steel, than in softer 
metals, such as copper and brasses [32][28][33][34]. 
2.4 CORROSION OF MILD STEEL  
Mild steel is an alloy of iron and carbon, with a very low quantity of carbon as a 
hardening agent. Because of its low carbon content, mild steel is characterised by 
interesting mechanical properties, such as ductility, ease of shaping, and softness. 
The presence of carbon in the steel is directly proportional to its hardness; therefore, 
the maximum limit of carbon content in mild steel should not exceed 2%. In addition 
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to the carbon present in the mild steel, the proportion of other elements that may affect 
its mechanical properties, such as manganese (1.65%), copper (0.6%) and silicon 
(0.6%), are fixed. Cobalt, chromium, niobium, molybdenum, titanium, nickel, tungsten, 
vanadium and zirconium can also be found in mild steel in different proportions [35].  
During the corrosion process of metals, an oxide film is formed, which is characterised 
by the metal nature and dissolved oxygen in the environment. This film will be detected 
by a specific colour. In the case of mild steel, the film will be indicated by a red colour. 
The presence of dissolved oxygen is a function of moisture or humidity, which is a 
driving force of corrosion and which will have a direct impact on the rate of corrosion. 
Therefore, corrosion is very slow in an environment of high moisture, compared to that 
of acidic and alkaline conditions [28].  
When metals, such as mild steel, are exposed to a corrosive environment, such as 
acidic media, corrosion will be certified by the formation of rust, which is a 
representative form of iron oxides and hydroxides. Iron oxide can be represented in 
the form of either Fe(OH)2, Fe(OH)3, FeO (OH) or Fe2O3.H2O, which are all forms of 
rust that result from iron corrosion [36].  
During the corrosion of mild steel, half-reactions of reduction-oxidation, known as 
redox reactions, are always present. Redox reactions are elaborated on by the 
schematic representation of the corrosion mechanism of iron in Figure 2.7. 
Four sub-reactions of corrosion can be developed if mild steel is exposed to an 
aqueous environment in the presence of oxygen. Therefore, knowledge on how to 
prevent some of these basic corrosion reactions occurring will enable the CR to be 
disturbed, which may slow the corrosion process [28]. 
2.4.1 The first step  
The corrosion undergoes an electrochemical half-reaction involving the exchange of 
electrons between species – Reaction 2.8 shows the oxidation half-reaction. In this 
step, the anodic reaction is promoted by the dissolution of the Fe, which goes into the 
solution. 
𝐹𝑒(𝑠) → 𝐹𝑒2+ (𝑎𝑞)  + 2𝑒−       𝑅𝑥(2.8) 
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The loss of electrons denotes the change taking place in metal, which is oxidised 
according to Reaction 2.8. When the anodic reaction takes place, electrons lost from 
the anodic reaction will be received by the species undergoing the reduction process. 
 
Figure 2.7: Schematic representation of corrosion mechanism on mild steel [28] 
2.4.2 The second step  
In this step, electrons released by the first step (oxidation) will migrate towards the 
steel. This can only take place on the surface, and not in the electrolyte, as oxidation-
reduction processes control the mechanism.  
2.4.3 The third step 
Known as the reduction half-reaction, this step is characterised by the reaction of 
dissolved oxygen in the electrolyte. Oxygen is oxidised and electrons released from 
Reaction 2.8 are reduced (Reaction 2.9). The presence of oxygen in the electrolyte 
favours corrosion.  
𝑂2(𝑔) + 2𝐻2𝑂(𝑙) + 4𝑒
− → 4𝑂𝐻− (𝑎𝑞)              𝑅𝑥(2.9) 
2.4.4 The fourth step  
It is known that, for the corrosion to take place, the must be electricity present. In order 
to complete the corrosion of Fe, the electrical circuit must be closed, which implies 
that the anodic and cathodic reaction processes form a cycle. The current will be 
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noticed in the electrolyte via migration of dissolved ions in water, such as Fe2+, OH- 
and H+. 
Therefore, the overall reaction is given by Reaction 2.10, as illustrated: 
4𝐹𝑒2+ (𝑎𝑞) + 𝑂2(𝑔) + 𝑥𝐻2𝑂 (𝑙) → 2𝐹𝑒2𝑂3. 𝑥𝐻2𝑂 (𝑠) + 8𝐻
+     𝑅𝑥(2.10) 
In conclusion, these four steps take place simultaneously during the process of 
corrosion of mild steel. This process will be very slow in the case of mild steel exposed 
in dry conditions, or in an environment with little moisture. The rate of corrosion of mild 
steel can be influenced by factors such as the presence of salt and temperature [28]. 
2.5 CORROSION-CONTROL TECHNIQUES 
Even though metals such as mild steel are constantly exposed to environments that 
make them prone to corrosion, researchers have developed and applied techniques 
that can manage and minimise corrosion effects. The success of the application of 
techniques that have been developed will help to, first, save a significant amount of 
money, and second, protect the population and the environment from unexpected 
losses and incidents that cause loss of human life and ecological problems. A number 
of techniques for controlling corrosion processes have been proposed and can be 
grouped in two main categories, which will be explained in the next sections. 
2.5.1 Conditioning the metal 
2.5.1.1. Metal isolation (coatings and linings)  
This method is widely used to protect metal from corrosion. It consists of applying a 
layer or a coating material on the metal surface to isolate it from the environment. The 
most commonly used isolators are paints, epoxies and other forms of coating 
materials, which can be applied on the outside of metallic structures.  
In the case of the oil and gas industries, organic or inorganic coating materials with 
different characteristics than the coating materials are used. Asphalt enamel and coal 
tar enamel, and thermosetting phenolic and epoxies and thin film coatings, are the 
types of organic coating materials used to protect standard equipment and pipes 
respectively. Inorganic coating materials refer to materials that are susceptible to 
undergoing electrochemical reactions. They act as sacrificial metal when applied in 
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the presence of two metals with different reduction potential values, such as zinc and 
nickel. Zinc is used as a protective material after it has been cathodically coated on 
the surface of a metal, such as iron. When it is exposed to a corrosive environment, 
zinc will be sacrificed while Fe will be protected. Metal plating may take the place of 
non-sacrificial coatings, using an element such as nickel, or, in extreme situations, 
non-metallic plating may take place with an element such as a ceramic (Al2O3, ZrO2). 
This method can be used to protect internal pipes and tubing liners [37]. 
2.5.1.2. Corrosion-resistant alloys  
Using special alloy materials is necessary in the case of materials that must be 
exposed to a highly corrosive environment while working under extreme conditions of 
temperature and pressure, under which safe operation it expected. This type of 
protection is applied, in particular, in the case of exploitation and production of oil and 
gas, were the target is to meet the requirements of a final product according to the 
assigned standard for utilisation. The drawback of this technique is that requires a high 
capital investment to build the plant [37]. 
2.5.1.3. Cathodic protection  
This type of protection involves an electrochemical process, such as the case of 
corrosion itself. Cathodic protection involves converting the electrical current into a 
cathode. The material chosen will be a function of the environment; therefore, the 
material will be characterised by the lowest electronegativity, and will be considered 
as the anode, while the environment will be the cathode. The cathodic protection can 
be applied to steel pipelines, where an electric current is released from the surface of 
the material, thereby preventing the corrosion process starting [37]. There are two 
types of cathodic protection: impressed current and sacrificial anodes. 
a) Impressed current  
During the corrosion of steel, electrons are lost, which induces loss of electricity due 
to the oxidation of iron (anodic reaction). The impressed current is a corrosion-
protection technique that supplies electricity in order to nullify the corrosion current by 
providing cathodic polarisation. The material to be protected is connected to an 
external direct source of electricity and insoluble materials, such as graphite, stainless 
steel and scrap iron, as illustrated in Figure 2.8 [37]. 
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Figure 2.8: Illustration of impressed current cathodic protection [38]  
b) Sacrificial anodes 
The sacrificial anode is a cathodic protection method that involves the presence of two 
materials: One is more active (anode) and the other less active (cathode). In this case, 
instead of supplying the current from a direct electrical source, it is generated by the 
natural potential difference between the two materials involved. The material that is 
protected is a cathode, which is less active, while the more active material is the 
anode, which is the source of supply of electrons. 
The electrons that are released from the anode pass through the metallic connection 
between the anode and steel and, thus, protect the steel, as illustrated in Figure 2.9. 
This technique is applied widely for offshore protection in the marine environment, 
where zinc or aluminium are used as sacrificial metals, and magnesium is used as the 
sacrificial metal when pipelines are placed underground [37], [39], [27]. 
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Figure 2.9: Illustration of sacrificial cathodic protection [38] 
2.5.2 Conditioning of the corrosive environment 
2.5.2.1. Removing oxygen 
The oxygen can be removed from the water or an aqueous solution by means of a 
strong reducing agent, such as sulphite, when working at a pH range of 6.5-8.5. The 
dissolved oxygen can be also removed from the medium by chemically reacting 
oxygen prior to use by means of deactivation or deaeration. In the absence of oxygen 
and working in these conditions, corrosion may be prevented [17]. 
2.5.2.2. Corrosion inhibitors 
Corrosion inhibition is a chemical protection method that involves adding additives to 
a corrosive aqueous environment, which lowers the CR. This technique is used mostly 
to protect the inside of metallic structures, such as pipes. According to the National 
Association of Corrosion Engineers, corrosion inhibitors can be defined as substances 
that can be used to delay the rate of corrosion by adding them to the corrosive 
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environment in small concentrations [12]. Corrosion inhibitors slow corrosion 
processes by one or more of the following mechanisms [40]: 
 By adsorption of ions/molecules onto a metal surface,  
 By increasing anodic or cathodic polarisation behaviour (tafel slopes), 
 By reducing the movement or diffusion of ions to a metallic surface, and 
 By increasing the electrical resistance of metallic surfaces.  
The inhibition acts by neutralising and/or reducing the hydrogen ions from the 
environment by means of chemicals, such as amines, ammonia and morphine. The 
addition of additives as a corrosion inhibitor is more suitable for weak acid 
environments [37].  
Corrosion inhibition is considered to be one of the most important and practical 
methods of minimising the propagation of metal corrosion [41]. If certain chemical 
substances are added to a corrosive system in a required concentration, they will 
decrease the CR significantly, without any impact on the concentration of the corrosive 
agent. In most cases, chemicals are added in very small amounts to a corrosive 
environment – parts per million – in the form of either a liquid or vapour; nevertheless, 
they have a considerable impact on delaying or decreasing the rate of corrosion [42]. 
Inhibitors find general application in many industries that have processes where fluid 
is in direct contact with the insides of containers or pipelines. It is advisable to use 
inhibitors in closed environment systems, where fluid circulation can be monitored to 
ensure control of inhibitor concentrations. Therefore, corrosion inhibitors are used in 
oil and gas exploration and production, petroleum refineries, chemical manufacturing, 
water treatment, cleaning pads, cooling systems, various refinery units, pipelines and 
in various chemical operations, to reduce the CR [6], [40]. 
When they are used, inhibitors act in two steps to prevent the metal surface from 
corrosion. Firstly, the inhibitors present in the solution migrate towards the metal 
surface and, secondly, the inhibitors interact with the metal surface. Once the inhibitors 
are on the metal surface, they create an obstruction at the interface between the metal 
surface and the corrosive medium, which leads to the restriction of the anodic or 
cathodic process that could take place. The presence of the inhibitor on the metal 
interface will favour an increase in metal surface potential, which results in the 
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formation of a protective passive oxide film. The presence of the passive layer will 
prevent the cathodic process from happening [43], [44]  
Inhibitors must be used with a great deal of care, as it may offer excellent protection 
for one metal in a specific system, but may not perform efficiently in another system. 
These days, corrosion inhibitors enable companies to save a great deal of money, 
which can be spent, instead, on using and installing expensive equipment made of 
special materials (alloys in general), which are able to withstand corrosion under even 
conditions of high temperatures and pressure [37]. 
2.6 CLASSIFICATION OF CORROSION INHIBITORS  
Different authors classify corrosion inhibitors in different ways. Classification 
approaches may relate to chemical nature, their mechanism, their reactivities with the 
exposed metal, or their toxicities. Figure 2.10 presents a classification approach 
proposed by Mohamed (2016).  
 
Figure 2.10: Schematic classification of different corrosion inhibitors [17] 
2.6.1 Classification of inhibitors according to chemical functionality 
Inhibitors can be classified according to their chemical functionality, as organic or 
inorganic compounds. 
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a) Inorganic inhibitors 
In this class, the most used and prominent inorganic inhibitors are salt of chromates, 
nitrites, silicates, carbonates, phosphates and arsenates in their crystalline form. 
When these inhibitors are used, their anions are involved in reducing metal corrosion, 
except in the case of zinc, in which case cations are added as mixed-charge inhibitors. 
b) Organic inhibitors 
The best-known organic inhibitors that have been applied successfully in industrial 
applications are amines, heterocyclic nitrogen compounds and sulphur compounds, 
such as thioethers, thioalcohols, thioamides, thiourea and hydrazine. Organic 
inhibitors are film-forming. 
2.6.2 Classification of inhibitors according to electrochemical reaction of the 
corroding system 
a) Anodic inhibitors 
This type of inhibitors interferes with the anodic process, such in the case of Fe. 
𝐹𝑒 → 𝐹𝑒2+ + 2𝑒−                                    𝑅𝑥(2.11) 
When anodic inhibitors are used, the inhibitor concentration must be high enough to 
obstruct all the anodic sites under localised attack, such as by pitting corrosion. The 
intrusion of the anodic inhibitors favours an increase in potential of the metal due to its 
oxidising nature (Reaction 2.11). There will be a shifting in corrosion potential, as 
represented in Figure 2.11, thereby helping the natural formation of the passive 
insoluble salt layer in the form of oxides and hydroxides. The shift in potential is 
followed by a shift in the CR i’corr, to a lower value as a sign of corrosion inhibition [6], 
[45]. 
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Figure 2.11: Schematic representation of current-potential diagram showing the effect 
of an anodic inhibitor on corrosion [45] 
 
where 
Ecorr is corrosion potentials (mV), 
E’corr is a reference electrode potential, 
icorr  is CR (current density, A/cm2 ) with the inhibitor, and  
i’corr is CR without the inhibitor. 
The anodic inhibitors are “dangerous inhibitors”, since they are at the origin of localised 
corrosion. This group includes orthophosphate, nitrite, ferricyanide and silicates. 
b) Cathodic inhibitors 
According to Reaction 2.12, oxygen reduction is the major cathodic reaction taking 
place:  
1
2
𝑂2 + 𝐻2𝑂 + 2𝑒
− → 2𝑂𝐻−                           𝑅𝑥 (2.12) 
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The cathodic reaction is achieved by precipitating an insoluble species onto the 
cathodic sites by reducing the target area of the cathodic reaction. To prevent this from 
happening, cathodic inhibitors in the form of insoluble compounds are used to 
suppress the corrosion by a precipitation reaction taking place at a high pH, leading to 
the formation of hydroxide compounds. This precipitation will create a barrier that will 
prevent the diffusion of oxygen and the migration of electrons from the metal to the 
medium. 
Cathodic inhibitors are considered to be “safe inhibitors”, since they do not cause any 
localised corrosion [6], [45]. Figure 2.12 shows the effect of a cathodic inhibitor: a shift 
of the corrosion potential E’ and the CR I’corr. It causes a reduction in the CR, while the 
corrosion potential shifts towards lower negative values. 
 
Figure 2.12: A schematic current-potential diagram showing the effect of a cathodic 
inhibitor on corrosion [6], [45] 
The most widely used inhibitors of this type are metal cations, polyphosphates, 
silicates and borates.  
c) Mixed inhibitors 
Instead of using the anodic and cathodic inhibitors individually or successively, mixed 
inhibitors are proposed instead, to take advantage of the additional effect of individual 
performance. The presence of the cathodic inhibitor will compensate for the negative 
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effect of the anodic inhibitor, and vice versa. Figure 2.13 is a schematic representation 
of a current-potential diagram that shows the effect of a mixed inhibitor on corrosion 
[6], [45]. 
 
Figure 2.13: Schematic current-potential diagram showing the effect of a mixed 
inhibitor on corrosion [6], [45]. 
2.6.3 Classification of inhibitors according to reactivity to exposed metal surface 
(surface effect) 
Also classified as adsorption inhibitors, these inhibitors are organic compounds 
containing nitrogen, sulphur and oxygen atoms. They act by an adsorption 
mechanism, leading to the formation of a protective film on the metal surface, which 
promotes protection. The adsorption of the inhibitor on the metal surface is promoted 
by the presence of heteroatoms in organic compounds, and having unsaturated bonds 
that lead to the formation of hydroxyl groups as a protective film. 
The protective film is formed by chemisorption on the surface and forms a physical 
barrier that will prevent the surface from the corrosive environment, or by retarding 
electrochemical processes. The chemisorption consists of electrostatic forces 
between the electric charge on the metal and the ionic charges or dipoles present on 
the inhibitor molecules.  
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Organic compounds with amino (-NH2), carboxyl (-COOH), and phosphonate (-PO3H2) 
functional groups are used the most, since they can easily bond by chemisorption, or 
coordinate bonds with metal surfaces. 
2.6.4 Classification of inhibitors according to the nature of inhibitors (vapour-phase 
inhibitors) 
Known as neutral-phase inhibitors and occurring in a vapour environment, this type of 
inhibitors acts through adsorption on the metal surface during contact with metals. The 
moisture present in the region will hydrolyse the vapour inhibitor and release protective 
ions, which will neutralise the environment and make it alkaline. For instance, in the 
case of CO2, the CO2 can be neutralised by the addition of inhibitors, such as 
morpholine, octadecylamine, amines and nitrites, to the vapour phase to protect 
ferrous metals [17]. 
2.6.5 Classification of inhibitors according to inhibitor toxicities 
Inhibitors can be referred to safe or dangerous during theirs various usages, as 
follows: 
 Cathodic inhibitors that are used in small amounts will not be able to protect the 
metal integrally, neither can they contribute to the corrosion of unprotected 
areas, therefore, they are safe. 
 Anodic inhibitors are dangerous, since they contribute to the formation of the 
fine protective layer – this occurs only when they are used in high 
concentrations. If not, they will be results in pores and defects, leading to an 
acceleration of localised corrosion. 
Despite toxicity being linked to the use of inorganic inhibitors, these inhibitors are 
reported to be more effective corrosion inhibitors for metals in various media. 
Substances such as chromate inhibitors are good examples of toxic inhibitors.  
Considering the environmental aspect, organic inhibitors are classified as either safe 
or unsafe when they are degradable or non-degradable respectively [45]. 
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2.7 SLIGHTLY TOXIC AND NON-TOXIC INHIBITORS 
The use of chromate is restricted in open recirculating cooling systems, despite its 
effectiveness as a corrosion inhibitor. This restriction is due to strict environmental 
regulations, which were initiated to protect the aquatic environment and people from 
airborne aerosols. To meet the environmental constraints, industries are forced to 
reduce the toxicity of inhibitor systems by blending them with green compounds (low-
toxicity inhibitor systems).Today, most industries are shifting to using green inhibitor 
compounds. 
Several methods of reducing the toxicity of inorganic inhibitors have been developed. 
The best-known method is mixing inorganic inhibitors with chemicals or natural 
compounds that are environmentally friendly, such as organic inhibitors, to meet 
environmental standards and constraints. Below are some examples of ways to 
reduce the toxicity of inhibitors [17].  
2.7.1 Reducing chromium ion concentration 
The concentration of chromate can be reduced by mixing it with molybdates and zinc 
ions, which have lower toxicity. Aruna Bahadur (1998)[46] investigated the reduction 
of chromate concentration and evaluated the level at which it can be used with borate 
ions to protect mild steel, lead, copper and aluminium in cooling water systems. He 
found that, at a concentration of only 4 ppm chromate, it can inhibit corrosion of steel 
exposed to a solution containing 800 ppm Cl- or 200 ppm SO42- [46]. 
2.7.2 Reducing zinc ion concentration 
An example is zinc it give high IE in the protection of carbon steel, which, according to 
a study done by Amalraj et al. (2013) [48], can reach 97% protection in the case of 50 
ppm Zn2+ ions mixed with 3 ml Allium cepa and 50 ppm sodium potassium tartarate. 
Still, to protect steel, blending 50 ppm Zn2+ ions with 200 ppm calcium gluconate gives 
a protection efficiency of 92% in a neutral aqueous environment containing 60 ppm Cl-
. 
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2.7.3 Reducing nitrite concentration 
Due to environmental constraints and effects, nitrite must be in a very low 
concentration. An example showing that even a small amount of nitrite can protect the 
metal surface efficiently is presented by Singh et al. (1994)[49], who demonstrated 
that the addition of NO2– ions to the inhibition system containing sodium boro-
gluconate could extend protection from 48 h to 100 h. 
2.8 ORGANIC COMPOUNDS AND ECO-FRIENDLY CORROSION INHIBITORS 
An example and illustration presented in Section 2.5 demonstrates that using inorganic 
inhibitor compounds causes severe environmental concerns. These concerns have 
led to industrial operators blending inorganic inhibitors with more environmentally safe 
inhibitors. A drawback of this process is the cost involved, and that the blend of 
inhibitors cannot be used in open recirculating cooling systems, because of their 
toxicity. After many years of study, researchers and industry have started to use 
organic inhibitors as suitably green and environmentally friendly corrosion inhibitors. 
Chemically, most organic inhibitor compounds are recognised as hydrocarbons 
functionalised with oxygen, nitrogen, sulphur, organic halides, and phosphorus 
compounds, which promote their adsorption on metal surfaces. It has been 
demonstrated that the presence of an aromatic ring of a triple bond may enhance their 
adsorption process on the metal surface. During their use, it has been noticed that the 
IE of organic compounds on the metal increases in this order: O < N < S < P [44], [50]. 
Organic compounds have also shown their effectiveness in inhibiting mild steel from 
corrosion in acidic and neutral aqueous solutions, when they have more long chains 
than shorter ones.  
The performance of organic inhibitors is the result of their chemical structure and 
physicochemical properties. They inhibitors are characterised by their functional 
groups, electron density at the donor atom, and p-orbital and the electronic structure. 
Factors, such as chain length, molecule size, bonding nature, bonding strength, cross-
linking ability and solubility in the environment, influence IE [40]. 
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2.8.1 Imidazoline-based inhibitors 
The imidazolines and their derivative salts are natural nitrogen-based organic 
inhibitors that have been used successfully in the synthesis of corrosion inhibitors for 
the oil and gas industries. This type of inhibitor is recommended for these industries 
because of the contribution the imidazoline makes to controlling CO2 corrosion of 
different metals in an acidic environment. Imidazolines are used extensively in these 
industries is because of their good adsorption characteristics and their ability to form 
a film on a metal surface. Commercially, inhibitors made of imidazolines are used to 
protect steel exposed to an environment containing CO2 saturated and 3% NaCl 
solution at 60°C. These inhibitors have shown their efficiency in reducing the CR by 
as much as 98.7% when 2.4390×10−5 mol/l of inhibitor is used [51], [52]. 
2.8.2 Carboxylate-based inhibitors 
2.8.2.1. Gluconate 
In this group of inhibitors are gluconates and gluconic acids that are effective non-toxic 
inhibitors for protecting iron and mild steel in aqueous media. When gluconates are in 
a solution near neutral conditions or one that contains calcium in alkaline media, 
gluconates form masking compounds by complexing with metal ions on the surface. 
The commercialised inhibitors for mild steel are sodium gluconate, zinc gluconate and 
some alkali metal salts of gluconates. 
Karim et al. (2010) investigated the effect of calcium gluconate in the inhibition 
corrosion of mild steel exposed to a simulated cooling water containing chloride ion 
under static and dynamic conditions at different temperatures. They found that, after 
investigation of the effect of pH, inhibition concentration and immersion time in 
dynamic mode, the calcium gluconate is more efficient at pH around 6 while, at pH 
bellow 4, it is inefficient. Considering the same parameters in static mode, they found 
that the highest IE was detected at pH 12 for all concentrations of calcium gluconate.  
2.8.2.2. Succinate 
Succinate is a dicarboxylic acid that contains four carbon atoms; it is a water-soluble 
compound made of molecules with characteristics suitable for acting as an acid 
inhibitor. Succinate has shown that it can protect mild steel effectively at pH less than 
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4. Amin et al. (2008) investigated the effect of succinate acid as an inhibitor on low-
carbon mild steel in the presence of 1.0 M HCl, and found that succinate acid 
physisorbs on the electrode surface at pH below 4. They found that, at that pH, the 
efficiency of succinate acid physisorption follows a Temkin-type isotherm that was 
dependent on temperature. The standard free energy of adsorption was evaluated to 
be lower than 40 kJ mol -1. 
Manivannan et al. (2011) evaluated the effect of succinate on IE of the corrosion of 
carbon steel in seawater in the absence and presence Zn2+. They found that, in the 
presence of 250 ppm Zn2+, the IE was 93%, and proportional to the increase in Zn2+ 
ions. 
2.8.3 Organic amines 
As organic compounds, amines are mostly used as corrosion inhibitor compounds. 
Their extensive usage relates to their good water solubility and low molecular weights. 
The most commercialised organic amines are aromatic, aliphatic and heterocyclic 
amines, because their inhibitive properties in acid media are controlled by π orbital of 
free electrons on the nitrogen atom Hackerman et al., 1961, quoted by [56].  
To date, several investigations have been done on the effect of amine inhibitor 
compounds on the protection of steel. For instance, Kumari (2017)[58] investigated 
the effect of inhibition concentration and temperature while varying the medium 
concentration (HCl). He found that the corrosion IE was directly proportional to an 
increase in the inhibitor concentration, and indirectly proportional to an increase in 
temperature. He also observed that the corrosion IE increased with a decrease in HCl 
concentration. Among organic corrosion compounds, organic amines are ideal 
inhibitors. They are commercialised in the form carboxylate salts of amines, 
morpholine and amine-carboxylate inhibitors. 
2.9 CORROSION INHIBITION MECHANISMS 
Corrosion inhibitors are used to reduce the rate of corrosion of a given material 
exposed to a corrosive environment, and to extend its life according to the expectation 
of the user. Electrochemically, the term corrosion inhibition refers to a reduction of 
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either anodic or cathodic reactions, or both. The main factors controlling corrosion 
inhibition are,  
 The migration of the corrosion inhibitor species from the bulk solution towards 
the surface of the metal, and  
 The active inhibitor species that are available to interact with the metal. 
During the protection process involving corrosion inhibitors, any one of the factors 
controlling corrosion inhibition can take place singularly, or in concomitance. 
Corrosion inhibitors are substances that are used to prevent or minimise the corrosion 
process, and they may act by one or more of the following three mechanisms [59]: 
 Adsorption on the metal surface to form a thin, invisible film, 
 Formation of bulky precipitates that coat the metal and protect it from attack, 
and 
 Formation of a passive layer on the metal surface. 
In the present work, only adsorption and the formation of a passive layer on the metal 
surface were developed, since the process took place in an acidic environment. 
2.9.1 Adsorption 
Adsorption of inhibitors on the metal surface is a primary mechanism in protect metal 
from corrosion; it occurs through the formation of a protective hydrophobic film that 
adsorbs on the metal surface. The adsorption is due to a change in the potential 
difference between the metal electrode and the solution (electrolyte) on the electrical 
double layer, as represented in Figure 2.14 [60].  
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Figure 2.14: Schematic representation of the electric double layer [59]  
As the organic inhibitor is composed of polar and nonpolar groups, the polar group is 
attached to the metal, and the nonpolar is oriented towards the medium. Three 
possible phenomena may take place during the adsorption [59], [60]:  
 Physical adsorption is characterised by the electrostatic attraction between the 
inhibitor and the metal surface. The interaction between inhibitor and metal 
surface is rapid, though weak. An increase in temperature facilitates the 
desorption of inhibitor molecules that were adsorbed physically. In fact, the 
desorption is noticed in the double layer at the interface of the metal, where the 
excess or deficiency of electrons is balanced by adsorbed ions from the 
electrolyte. After addition of organic inhibitors, water molecules will be displaced 
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from the metal surface. This situation will favour the electrostatic attraction of 
ions of opposite charge from inhibitors. 
 Chemical adsorption, or chemisorption, is characterised by the distribution or 
transfer of charge between the inhibitor molecules and the metal surface. 
Compared to the physical adsorption process, the chemisorption process is 
slower, and it is favoured by an increase in temperature. In this case, ion 
attraction in the double layer is not due only to the electrostatic interaction, but 
also to the specific chemical interactions between the ions and the interface. 
This chemical interaction is favoured by the presence of hydrogen, covalent 
bonds and p bonds. When an inhibitor I is added to the solution, it will be 
adsorbed at the metal-solution interface. Reaction 2.13 shows the displacement 
of n water molecules that were initially adsorbed on the metal surface. 
𝑀(𝑛𝐻2𝑂)𝑎𝑑𝑠 + 𝐼(𝑠𝑜𝑙) → 𝑀𝐼𝑎𝑑𝑠 + 𝑛𝐻2𝑂 (𝑠𝑜𝑙)          𝑅𝑥 2.13 
 A film formation mechanism is due to the surface reactions between inhibitor 
molecules and the metal surface, and result in the formation of a thin polymeric 
film, which blocks both anodic and cathodic areas. The increase in corrosion 
protection is proportional to the growth of the film, up to 100 angstroms thick. 
The inhibition is effective when the film adheres to the metal surface and is not 
soluble. 
2.9.2 Formation of a passive layer 
During corrosion protection, the role of passivation during the formation of the oxide 
film on metal surfaces is of great importance. Passivation implies a reduction of the 
corrosion tendency of metal by a protective film that blocks the diffusion of metal ions 
towards the solution, and can be demonstrated from the polarisation curve in Figure 
2.15. Metal, such as transition metals (Fe, Cr, Ni, Al and Ti), are characterised by the 
S-shape, where three different behaviours can be observed: active, passive and trans-
passive processes.  
The illustration of the polarisation diagram of Fe schematised in Figure 2.15, is as 
follows: 
 Active region refers to the behaviour of a metal exposed to the perpetually 
oxidising environment, which leads to metal dissolution. The active region is 
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characterised by the migration of metal ions into the solution and evaluated by 
the excess of current density (Log I’corr). In this region, the CR is directly 
proportional to the amount of electrochemical potential, up to the critical amount 
of the oxidising agent where the inflection point is observed as a sign of a 
decrease in the CR. The current density decreases gradually, up to total 
passivation of the metal surface (rest potential). 
 In the passive region, there is no diffusion of metal ions toward the medium, 
regardless of the increase in potential. The absence of diffusion is due to the 
reduction reaction of oxygen that takes place on the metal surface, and it is 
characterised by total passivation and the formation of a metal oxide or metal 
hydroxide layer.  
 Thereafter, a further increase in the oxidising environment will lead to the 
breakdown of the oxide or hydroxide passive layer, and will pass into the active-
passive transition zone (trans-passivation) [17].  
The increase in corrosion inhibitor concentration will fast track the decrease in CR 
from active zone A to passive zone C, as illustrated in Figure 2.15. 
 
 
Figure 2.15: Schematic illustration of the S-shaped polarisation curves of a system 
where passivation takes place [45] 
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2.10 INDUSTRIAL APPLICATIONS OF ORGANIC INHIBITORS 
All industries with facilities that are metallic structures that are exposed to the 
environment are subject to an inevitable phenomenon, namely, corrosion. 
Consequently, these businesses are forced to solve the problem of corrosion by either 
using special materials, or by applying/using corrosion inhibitors. However, using 
special materials, and maintaining them, are costly. Hence, corrosion inhibitors are 
presented as a solution for problems linked to a variety of industries, such as 
petroleum production, industries that experience internal corrosion of steel pipelines, 
industries experiencing the problem of acid pickling during cleaning operations, and 
the water treatment industry. 
In the present study, only the internal case was developed, as the study dealt with 
organic inhibitors. 
2.10.1 Petroleum production industry  
The corrosion phenomenon has a direct, detrimental effect, externally and internally, 
on metallic structures that are used in the oil and gas industries [37]. In hydrocarbon 
industries, the problem of corrosion refers to "wet corrosion", which refers to the 
transformation taking place at low temperatures, when material corrodes because of 
the presence of an aqueous phase. "Dry corrosion" refers to transformation at a 
relatively higher temperature, above the boiling point of water, which means the 
process occurs in the absence of an aqueous phase.  
Different types of corrosion that may possibly take place are as follows [37]:  
 Sweet corrosion occurs when the presence of CO2 promotes the formation of 
carbonic acid (H2CO3) due to the combination of CO2 with water, according to 
Reaction 2.14.  
𝐶𝑂2 + 𝐻2𝑂 → 𝐻2𝐶𝑂3                       𝑅𝑥 2.14 
This corrosion will lead to the dissolution of the oxide film once it is in contact 
with the surface of the low-carbon steel. This type of corrosion can induce 
several corrosion forms in the metallic structure, such as pitting corrosion, mesa 
corrosion, and flow-induced localised corrosion. 
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 H2S corrosion affects mainly the oil and gas industries. It occurs when H2S is 
produced by the metabolic process of anaerobic bacteria. The presence of 
bacteria and the sulphate solution will promote the electrochemical process, by 
which sulphate is reduced to corrosive sulphide. Because H2S is a strong gas, 
the presence of hydrogen will diffuse into the metal through the grain 
boundaries and lead to a decrease in the ductility of the metal, by making it 
brittle, and eventually leading to cracking, according to Reaction 2.15. 
𝐹𝑒 + 𝐻2𝑆 → 𝐹𝑒𝑆(𝑥) + 𝐻2                   𝑅𝑥 2.15 
 O2 corrosion occurs when O2 is mixed with other solvents; it may promote the 
corrosion process by synergetic effects with other corrosion processes 
occurring at the same time. 
𝑂2 + 2𝐻2𝑂 + 4𝑒
− → 4𝑂𝐻−                 𝑅𝑥 2.16 
𝐹𝑒2+ + 2𝑂𝐻− → 𝐹𝑒(𝑂𝐻)2(𝑥)               𝑅𝑥 2.17 
In these type of industries, the use of film-forming inhibitors to control wet 
corrosion are common, and welcomed. Most of the inhibitors are amines and 
amides with long chains [61], [62]. 
2.10.2 Internal corrosion of steel pipelines 
In refineries and petrochemical plants, corrosion effects may occur on the assembling 
pipelines, and between oil and gas wells and processing plants. This type of corrosion 
is linked to the friction caused by the flow of fluid involved in the production and 
transportation of petroleum. 
The natural formation of a protective film layer in the interior of the pipe occurs due to 
interaction between the fluid and the pipe. For instance, the formation of rust on 
carbon-steel-carrying water may protect metal against corrosion. When transporting 
fluid containing suspended particles, the small particles will cause friction between the 
protective film layer on the interior of the pipe and particles in the fluid, leading to a 
significant penetration of, on average, less than 1 mm/y, up to 10 mm/y, and might 
result in corrosion. This type of corrosion is related to “erosion-corrosion”, or 
assimilated to “tribo-corrosion”, which will lead to electrochemical processes through 
the mechanical forces generated by the motion of the fluid. 
 
45 
According to Nesic et al., (1995), the sources of the various mechanical forces that 
cause erosion-corrosion include [64], 
 The nature of fluid flow (laminar or turbulent), fluctuation of shear stress, and 
the impact of pressure, 
 The presence of suspended solid particles, 
 In the case of high-speed gas flow, the presence of suspended liquid droplets, 
 The presence of gas bubbles in the aqueous high flow, and 
 The violent bursting of air bubbles, leading to cavitation. 
2.10.3 Acid pickling and cleaning 
Acid solutions have found application in many industries for removing salt or oxide 
scales from metals prior to exposure to paint, enamel, galvanising, electroplating or 
application of phosphate coating. Acid is widely used in processes such as pickling, 
cleaning, descaling and oil-well acidising, and hydrochloric acid and sulphuric acid are 
the most commonly used acids in such applications. Acidic media is one of the keys 
favouring the effect of corrosion in most applications in the engineering industry that 
relate to corrosion. Corrosion inhibitors are added to the pickling solution to reduce the 
effect of acid on metal, the generation of hydrogen gas and the consumption of acid.  
The inhibitor chosen depends on the purpose of the acid pickling, and the purpose will 
be influenced by the concentration of acid, the temperature, the time exposure and the 
type of material to be cleaned. Therefore, the inhibitors considered must, 
 Be effective at inhibiting metal dissolution, 
 Not lead to over-pickling in the presence of higher iron salt contents, 
 Not delay the pickling process, 
 Be effective at low concentrations, 
 Be effective at higher temperatures, 
 Be thermally and chemically stable, and 
 Effectively inhibit hydrogen uptake by the metal. 
In the present case, the use of organic compounds with a lone pair of electrons or pi 
electrons with multiple bonds generally improves IE. These compounds are generally 
heterocyclic organic compounds with S, O or N atoms in the molecule [65], [66]. 
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2.10.4 Potable water 
All water-supply providers experience, to a greater or lesser extent, internal corrosion 
of pipelines. Potable water is frequently saturated with dissolved oxygen, which makes 
it corrosive and leads to the formation of a protective film. During the transportation of 
potable water, the corrosion of iron pipes can cause three distinct problems [67]: 
 The loss of pipe mass due to the oxidation and transformation of iron metal to 
a soluble iron compound, 
 The formation of scale, which can accumulate over a large area and affect water 
capacity, and  
 The release of soluble iron species as a sign of contamination of water, which 
is characterised by red-coloured water at the tap. 
For more than 500 years, steel was commonly used to distribute and transport water, 
and its corrosion is extremely complex. Numerous factors can be listed as the cause 
of corrosion during water transport, namely, pH, alkalinity and buffer intensity. 
 Role of pH: Weight loss of steel is generally proportional to pH in the range 7-
9, as is the degree of tuberculation, even though the released by-product 
decreases as pH increases [67], [68]. 
 Alkalinity: An increase in alkalinity generally leads to a decrease in weight loss 
and, consequently, a decrease in CR [67], [68]. 
 Buffer intensity: An increase in buffer intensity is often associated with an 
increase in alkalinity, even though the two parameters are not exactly 
equivalent. The two parameters have a similar effect on iron corrosion [67], [68]. 
Cathodic inhibitors, such as calcium carbonate, silicates, polyphosphates and zinc 
salts, can be used to prevent corrosion in the transportation of potable water. 
2.11 REVIEW OF STUDIES USING ORGANIC COMPOUNDS AND ECO-
FRIENDLY CORROSION INHIBITORS ON MILD STEEL 
Several investigations into the use of organic corrosion inhibition on mild steel have 
been done, and some conclusive results found. Organic inhibitors offer promising 
alternative solutions for protecting metals against corrosion. Their efficiency in 
inhibition is due to their functional electronegative groups, such as sulphur, oxygen, 
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phosphorus and/or nitrogen atoms. They are also characterised by pi electrons, triple 
or conjugated double bonds and aromatic rings in their structure, which promote their 
adsorption behaviour, as they can accept or donate electrons for adsorbtion on 
metallic surfaces [69]. The sizes, electron density at the donor atoms and orbital 
character of donating electrons may affect the adsorption characteristics of inhibitors 
[70]. Therefore, the choice of effective inhibitors will depend on their mechanism of 
action and their ability to exchange electrons. 
Tan et al. (2001) investigated over 120 organic compounds selected as potential 
corrosion inhibitors for mild steel in a cooling system of an engine at the lab scale, and 
found that alkyl carboxylates are efficient when the chain is in the range of C2-C10 for 
monocarboxylates and C2-C12 for di-carboxylates. Considering the polarisation 
curves of selected inhibitors, these compounds affect only anodic dissolution. 
Carboxylic acid compounds are recommended for use in systems characterised by 
the presence of dissolved oxygen. To paraphrase, Mrowczynski (1979) investigated 
the rate of corrosion of iron in aerated sodium sulphate solutions, and realised that 
reducing the CR requires synergistic action between acids and dissolved oxygen.  
In contrast, Boisier et al. (2010) examined the effect of sodium decanoate in a cooling 
water system exposed to different chloride concentrations, and found that sodium 
decanoate was more effective than the carboxylic acid due to its ability to inhibit 
corrosion in a large variety of different metals. Furthermore, they extended the use of 
sodium decanoate in the case of an intermetallic model system of Al/Cu. They 
investigated its effect by performing local electrochemical impedance measurements. 
They found that using the decanoate as an inhibitor protected the aluminium alloy from 
chloride ion attack of the oxide layer.  
A similar investigation was performed on a Mg alloy, using aliphatic compounds of 
chains ranging between 7 and 15 carbon atoms, which complexes with sodium salts 
in an industrial cooling water system. The outcome shows that the inhibition happened 
by precipitating an insoluble magnesium salt, which affected mainly the anodic 
reaction. In this case, the concentration of inhibitors was optimal, at 10-2 M, 10-3 M and 
10-4 M for sodium decanoate, sodium dodecanoate and sodium tetradecanoate 
respectively. The concentration of anion present in the electrolyte has a significant 
effect on the corrosion inhibitor [17].  
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Agarwal and Landolt (2015) compared the effect of selected aromatic carboxylic acids 
as inhibitors to protect mild steel against corrosion in neutral media. They used N-
ethyl-morpholine salts of a o-benzoyl alcanoic acid model compound and of benzoic 
acid and investigated the effect of the nature and the concentration of electrolyte-
containing anion, such as ClO4-, Cl- and SO42-, using cathodic and anodic polarisation. 
Results reveal that the stability of the passive film under anodic polarisation conditions 
decreased in the order ClO4-> Cl- > SO42-, regardless of the concentration of the 
inhibitor. 
Rihan et al. (2014) investigated the effect of 4-(2'-amino-5'-methylphenylazo) 
antipyrine on the corrosion of mild steel when exposed in a solution of 2 M HCl. They 
found that AMPA acts as an effective inhibitor in an acidic environment. Polarisation 
data from an electrochemical investigation shows that the compound behaves as a 
mixed-type inhibitor.  
Abdallah et al. (2006) used aminopyrimidine derivatives to study their effects on the 
carbon steel in nitric acid and an HCl acid solution, as inhibitors of corrosion. They 
found that them to provide excellent protection for steel, especially against pitting 
corrosion, when the steel is exposed to a solution containing chlorine.  
Ganesha Achary et al. (2008) investigated the effect of two inhibitors made of quinoline 
compounds, namely, 8-hydroxy quinoline and 3-formyl 8-hydroxy quinoline, on surface 
coverage, while changing the concentration at different temperatures on mild steel in 
a hydrochloric acid solution. They report that the two quinoline compounds are 
effective corrosion inhibitors. Their results show that surface coverage was 
proportional to the inhibitor concentration, and inversely proportional to an increase in 
temperature and acid concentration.  
The effect of corrosion inhibition and the thermodynamic properties of 2,5-bis(4-
methoxyphenyl)-1,3,4-oxadiazole as a corrosion inhibitor were investigated by 
Bouklah et al. (2006) on mild steel in normal sulphuric acid solution. They found that 
2,5-bis(4-methoxyphenyl)-1,3,4-oxadiazole performs with effectively, up to 96.19% in 
a solution of 8 × 10−4 M at 333 K. 
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CHAPTER 3: RESEARCH METHODOLOGY 
3.1 INTRODUCTION 
In this chapter, the experimental procedures and techniques that were used to achieve 
the aim and objectives of this research will be detailed. This explanation will include a 
synthesis of the polymer composite inhibitor and mild steel preparation, and a 
description of the techniques used to evaluate the efficiency of the composite inhibitor. 
All characterisation techniques used to assess the synthesised polymer composite 
inhibitor and its inhibition effects on mild steel in 1 M HCl exposed to different 
conditions, will also be elaborated. 
3.2 MATERIALS AND METHODOLOGY 
3.2.1 Materials  
The following materials were used in the present study: 
 Mild steel, selected as the sample to use for the experiment (3 mm thickness) 
 Polyethylene glycol (Mr=20 000g/mol)  
 L-proline  
 32% HCl AR as a corrosive media 
 25% Ammonia solution analytical reagent (AR) 
 99.5% Acetone AR  
 99.5% Oxalic acid AR 
 98% Ammonium per sulphate AR 
 Filter paper, pH meter, analytical scale, water bath and potentiostat  
3.2.2 Methodology  
3.2.2.1. General flow diagram of the experiment 
In this research work, several approaches were deployed to study the properties and 
performance of PEGLP as a corrosion inhibitor for mild steel in an acidic medium. 
Figure 3.1 summarises the techniques used. 
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Figure 3.1: Summary of the experimental techniques employed in this work 
3.2.2.2. Synthesis of polyethylene glycol-L-proline 
PEG and L-proline were used to synthesise the polymer composite PEG-L-proline 
(PEGLP). A polymer composite was synthesised by polymerising L-proline by 
persulphate radically via a condensation reaction. Synthesis of the polymer composite 
was adopted from the Trivedi Handbook, with 100 ml of 10% (w/v) PEG in 1% (w/v) 
oxalic acid being mixed with 100 ml 1% (w/v) L-proline in 1% (w/v) oxalic acid, using 
a magnetic stirrer for 2 h. The mixture was cooled to below -5ºC; then followed a 
dropwise addition of 100 ml ammonium persulphate in 1% (w/v) oxalic acid. 
Polymerisation was allowed to take place by continuous stirring for 6 h. The mixture 
was placed back into the fridge for 24 h to ensure complete polymerisation. The pH of 
the mixture was maintained at around 9, using an ammonium hydroxide solution. The 
polymerised composite was precipitated by adding acetone, followed by filtration. The 
filtrate was washed, dried and stored in a desiccator [78], [79]. 
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3.2.2.3. Mild steel preparation 
The mild steel was cut into pieces measuring 2 cm x 2 cm x 0.3 cm for gravimetric 
analysis, and 1 cm x 1 cm x 0.3 cm for electrochemical evaluation. Each piece was 
polished with emery papers of different grit sizes (600, 800, 1 000 and 1 200), 
thoroughly washed with soap and deionised water, dried with acetone, stored in 
desiccators and used for all the experimental studies. 
3.2.2.4. Techniques used to characterise polymer composites and mild steel 
(uncorroded and corroded) 
The polymer composites and the surface of mild steel that was exposed with and 
without composites were characterised by different spectroscopic techniques. This 
section will present all analytical procedures related to the analysis setup and 
equipment specifications, while equipment working principles are intensively 
described in the annexures. 
a) Fourier-transform infrared spectroscopy 
Thermo Scientific FTIR (Nicolet iS10) equipped with Diamond ATR crystal was used 
to characterise the molecular bonds present in the PEG, L-proline and the polymer 
composite. Prior to analysis, the background was collected after cleaning the crystal 
lens. Enough sample was loaded to cover the crystal lens, then the pressure was 
objected over the sample via the arm pressure connected to the FTIR instrument. The 
infrared (IR) spectrum of the sample was collected using OMNIC software while 
scanning in the region of 550-5 000 cm-1 at a resolution rate of 4 cm-1 after 32 scans, 
from which the signal average was displayed. The IR spectrum was interpreted using 
spectroscopy tables. Figure 3.2 shows the model of the FTIR used. 
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Figure 3.2: Fourier-transform infrared spectroscopy Thermo Scientific (Nicolet iS10) 
b) Nuclear magnetic resonance spectroscopy 
NMR spectroscopy was used to determine the molecular structure. Approximate 10 
mg of sample was dissolved in approximately 0.7 ml D2O solvent. The sample was 
shaken to ensure that the material was completely dissolved. The NMR tube 
containing the dissolved sample was inserted into a spinner, which was subjected to 
an energetic rotation under a magnetic field to ensure that the homogenisation was 
achieved well. After that, the tube was wiped with 2-propanol and lab tissue to remove 
all fingerprints. The sample was placed into the NMR spectroscopy Bruker AscendTM 
500 for analysis. After completion of the NMR measurements, the spectrum was 
processed, and the peak was assigned using Bruker TopSpin 3.2 software. Figure 3.3 
shows the model of the NMR spectroscopy Bruker AscendTM 500 used. 
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Figure 3.3: Nuclear magnetic resonance spectroscopy Bruker AscendTM 500 
c) X-ray diffraction 
Diffraction patterns of polymers and steel were collected after being scanned using 
XRD Rigaku Ultima IV at a scanning speed of 0.5ᵒ/min from 10ᵒ to 90ᵒ 2-theta angle. 
The x-ray source voltage and current were set to 40 kV and 30 mA respectively. The 
XRD instrument is equipped with a CuK (λ=1.54) x-ray generator target with a 
maximum power of 3 kW and a Goniometer capable of measuring 2-theta angle from 
0ᵒ to 162ᵒ. Figure 3.4 shows the model used for XRD spectroscopy. 
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Figure 3.4: X-ray diffraction Rigaku Ultima IV 
d) Scanning electron spectroscopy-energy dispersive spectroscopy  
SEM analysis was performed using TESCAN; Vega 3XMU equipped using a tungsten 
filament as an electron source. The surface morphology of the polymers and that of 
the uncorroded and corroded (in uninhibited and inhibited 1 M HCl) MS was acquired 
using backscatter and secondary detectors, using the high voltage of 20 kV. Images 
were acquired at different magnifications using Vega software. The energy dispersive 
X-ray spectroscopy (EDS) analysis determined the chemical composition of selected 
spots using INCA software from Oxford. Figure 3.5 shows the model used for SEM-
EDS spectroscopy. 
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Figure 3.5: Scanning electron spectroscopy-energy dispersive spectroscopy TESCAN 
(Vega 3XMU) 
e) Thermo gravimetric analysis 
Hitachi Thermal Analysis System STA 7200RV was used to obtain information about 
thermal stability, moisture and oxidation or decomposition temperatures when a 
sample is heated at a constant rate. Approximate 5 mg of sample was weighed and 
heated from room temperature to 1000°C under an inert environment at a heating rate 
of 10°C/min. When a sample was heated, the sample weight loss could be attributed 
to the thermal stability at different temperatures. TGA tracks changes in weight of the 
sample via a microgram scale, and temperature is monitored via a thermocouple. Data 
is plotted as weight percept versus temperature. Figure 3.6 shows the model of the 
TGA equipment used. 
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Figure 3.6: Thermal analysis system Hitachi STA 7200RV 
f) Elemental analyser 
CHNS were analysed by an organic elemental analyser FLASH 2000. The sample 
was weighed into a ceramic crucible, then inserted into the instrument for analysis. 
When the sample was inside the instrument, the temperature was increased to 
approximately 1 300°C, causing the sample to combust. The combusted gases were 
swept across the reactor, where oxidation was completed. During the oxidation, the 
gases generated, containing N2, CO2, H2O, and SO2, flow into the chromatographic 
column, where they are separated by elution. Thereafter, the eluted product was 
quantified for CHNS using the Eager 300 software. Figure 3.7 shows the model of the 
organic elemental analyser equipment used. 
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Figure 3.7: Organic elemental analyser Thermo scientific FLASH 2000 
g) Flame atomic absorption spectrophotometer  
The flame atomic absorption spectrophotometer Thermo Scientific ICE 3000 was used 
to determine the amount of Fe dissolved in the corrosive solution with and without 
inhibitor. The analysis was performed under the following conditions: Wavelength: 
271.9 nm; bandpass: 0.2 nm; lamp current: 75%; flame type: Air-C2H2; flue flow: 0.9 
l/min; burner height: 7.0 nm and line fit: linear least square. Prior to analysis, the 
instrument was calibrated using a set of standard to cover the range of the analyte. 
For validation, the R2 of 0.998 was achieved. Figure 3.8 shows the model of the flame 
atomic absorption spectrophotometer equipment used. 
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Figure 3.8: Flame atomic absorption spectrophotometer Thermo Scientific ICE 3000 
h) Arc spark optical emission spectrometer 
Chemical analysis of mild steel was done by using a Bruker Q4 TASAMAN arc spark 
optical emission spectrometer (OES). Mild steel samples were prepared by cutting the 
steel into pieces of 2 x 2 x 0.3 mm, then the pieces were polished to a flat surface. The 
sample was placed on the unit, and the OES created a plasma burn on the surface of 
the sample.  
After placing the sample on the stage of the instrument for analysis, energy generated 
from the plasma burned the sample surface. Elements were excited through the 
burning process. Based on the wavelength of each element and the emission of light 
related to the concentration of elements present in the sample, the chemical 
composition was determined. Figure 3.9 shows the model of the OES equipment used. 
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Figure 3.9: Arc spark optical emission spectrometer Bruker Q4 TASAMAN 
i) Atomic force microscopy 
Mild steel surface morphology measurements were analysed using AFM, which gives 
atomic resolution images of the surface in 3D, using a sharp tip attached at the far end 
of the cantilever. AFM is equipped with three modes for imagining: contact mode, 
tapping mode and non-contact mode. The instrument is capable of analysing a 
maximum area of 120 µm x 120 µm and maximum sample roughness of less than 
7µm. Mild steel samples were analysed for surface morphology and the roughness 
was measured using contact mode. Figure 3.10 shows the model of the AFM that was 
used. 
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Figure 3.10: Atomic force microscopy digital instruments Nanoscope, Veeco, 
MMAFMLN-AM (multimode) 
j) Potentiostat electrochemical analyser  
All the experiments were carried out using Bio-Logic Potentiostat Electrochemical 
analyser model SP-150 with EC-Lab software. A mild steel specimen of 1.2 cm2 area 
was used as the working electrode, a platinum electrode as a counter electrode, and 
a saturated calomel electrode as a reference electrode. Prior to each experiment, the 
working electrode surface was polished with silicon carbide abrasive paper from grade 
400 to 1 200. The potential range was set from -2.5 V to +2.5 V, with a resolution of 
100 µV of anodic potential with respect to corrosion potential at a limit rate of 2 mV/h; 
frequency was varied from 20 Hz to 0.1 Hz over 1 h immersion time. Figure 3.11 shows 
the model of the potentiostat analyser that was used. 
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Figure 3.11: Bio-Logic potentiostat SP-150 
k) Water bath 
Gravimetric analysis we carried using Memmert water bath, which has large area 
heating on three sides, a microprocessor PID temperature controller range of a 
minimum of 5ºC above ambient up to +95 ºC using 1 Pt100 sensor class A, digital 
display, over-temperature protection and integrated digital timer from 1 min to 99.59 
hours. Figure 3.12 is the water bath that was used. 
 
Figure 3.12: Memmert Water bath WNB 29 
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3.2.2.5. Evaluation of the inhibition effect of polymer composite on mild steel 
in 1 M HCl 
I. GRAVIMETRIC METHODS 
In order to determine the gravimetric measurements, the prepared mild steel 
specimens were weighed using analytical balance before and after immersion. The 
specimen was fully immersed in a 100 ml solution of 1 M HCl with and without inhibitor.  
The blank experiment was accomplished using a 1 M HCl solution while varying the 
exposure time. When the inhibitor was used, a solution of 1 M HCl was mixed with 
different concentrations of inhibitors. The mild steels were exposed to the prepared 
solutions while varying the time exposure.  
In both cases, after the required time was reached, the specimens were washed with 
deionised water, dried and reweighed, in order to determine the loss in mass.  
Note: The loss in mass was determined in triplicate for accuracy and the mean value 
of the weight loss was reported.  
From the gravimetric measurements the following were investigated: 
 The CR (mm/year), 
 IE, 
 Kinetic parameters of metal dissolution and the inhibition processes, and  
 The adsorption isotherm mechanism parameters. 
Parameters and variables used to achieve the aim and objectives of the present work 
are summarised in Table 3.1. 
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Table 3.1: Summary of parameters and variables used for gravimetric measurements 
HCL 1M HCl + Inhibitor 
Time (h) Conc (M) Time (h) Conc (ppm) 
1 1 1 200 400 600 800 
3 1 3 200 400 600 800 
6 1 6 200 400 600 800 
9 1 9 200 400 600 800 
Temp (K) Conc (M) Temp (K) Conc (ppm) 
298 1 298 200 400 600 800 
308 1 308 200 400 600 800 
318 1 318 200 400 600 800 
328 1 328 200 400 600 800 
338 1 338 200 400 600 800 
 
a) Corrosion rate (mm/year) 
The rate of corrosion is the speed at which a metal deteriorates in a given environment. 
The CR is expressed in milligrams metal loss per year and is calculated using Equation 
3.1: 
𝑪𝑹 (
𝒎𝒎
𝒚𝒓
) =
𝟖𝟕. 𝟔 𝒘
𝑫𝑨𝑻
      𝑬𝒒.  𝟑. 𝟏 
where 
CR – CR in mm per year, 
w – Weight loss in g, 
D – Density of specimen in mg/cm2, 
A – Area of the specimen in cm2, and 
T – Exposure time in hours. 
b) Inhibition efficiency  
IE is expressed using Equation 3.2: 
𝑰𝑬 (%) =
𝑪𝑹𝟎 − 𝑪𝑹𝒊
𝑪𝑹𝟎
                                 𝑬𝒒.  𝟑. 𝟐 
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where 
IE – Inhibition efficiency, 
CR0 – CR (without inhibitor), and 
CRi – CR (with inhibitor). 
c) Kinetics of metal dissolution and inhibition processes  
Temperature has an impact on the CR; therefore, the effect of temperature was also 
investigated (see Table 3.1) and applied to the system in the absence and in the 
presence of inhibitor, and the activated energy (Ea) from the Arrhenius equation was 
determined according to Equation 3.3. 
𝒍 𝒏(𝑪𝑹) =  −
𝑬𝒂
𝑹𝑻
+ 𝒍𝒏𝑨                               𝑬𝒒.  𝟑. 𝟑 
Ea is a slope from the correlation between the function of CR to that of equilibrium 
constant K eq. 
After determining the activation energy, the entropy change ∆S and enthalpy change 
∆H were determined from Equation 3.4.  
𝒍𝒏
𝑪𝑹
𝑻
=  −
∆𝑯
𝑹𝑻
+
∆𝑺
𝑹
+ 𝒍𝒏
𝑹
𝑵𝒉
                          𝑬𝒒.  𝟑. 𝟒 
where  
CR – Corrosion rate 
T – absolute temperature, 
∆H – change in enthalpy, 
∆S – change in entropy, 
R – gas constant, 
N – Avogadro’s number, and 
h – Planck constant. 
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d) Investigation on the adsorption isotherm mechanism 
The investigation into the effect of the inhibitors on the metal surface exposed to the 
corrosive environment requires an understanding of the phenomenon of inhibition 
adsorption. Hence, corrosion inhibition is known as a specific case of a surface 
phenomenon, where there is a substitution between an organic compound in the 
aqueous phase (Org(aq)) and water molecules at the metal surface (H2O (sol)), 
according to Reaction 3.1. 
𝑂𝑟𝑔(𝑠𝑜𝑙) + 𝑥𝐻2𝑂(𝑎𝑞) → 𝑂𝑟𝑔(𝑎𝑞) + 𝑥𝐻2𝑂(𝑠𝑜𝑙)  𝑅𝑥 3.1 
where 
x – Number of water molecules that will be substituting with the inhibitor. 
Adsorption isotherm models are essential tools for describing and investigating the 
phenomenon of corrosion inhibitors with metal surfaces. With the help of adsorption 
isotherm approaches, the nature of the interaction between the film and the metal 
surface can be explained and determined in order to deduce the adsorption 
mechanism. The most frequently used isotherm adsorption models are Langmuir, 
Temkin, Flory-Huggins, Frumkin and Freundlich [80][81][82]. 
During the evaluation of the adsorption mechanism, determining surface coverage (θ) 
values is important. It is determined using Equation 3.5. 
𝜽 =
𝒘𝟎 − 𝒘𝒊
𝒘𝟎
                                          𝑬𝒒.  𝟑. 𝟓 
where  
θ – Surface coverage, 
Wo – Weight loss without inhibitor in mg, and 
Wi – Weight loss with inhibitor in mg.  
All isotherm models are generally expressed according to Equation 3.6: 
𝑓(𝛩, 𝑥) 𝑒𝑥𝑝(−2𝑎θ) → 𝑘𝑐                           𝐸𝑞 3.6 
 
where 
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f (θ, x) – Configurational factor that depends on θ as the degree of surface coverage, 
c – Concentration of inhibitor, 
x – Ratio between the numbers of displaced water molecules to a molecule of organic 
inhibitor, 
a – Molecular interaction parameter, and 
k – Equilibrium constant for the adsorption. 
For each isotherm adsorption model, “a” function depending on the surface coverage 
(θ) is plotted against “c”, depending on the concentration of inhibitors (c). The 
relationship between the two functions is assimilated to a straight line of the algebraic 
equation Y =  AX + B, where Y is a function dependent on the surface coverage (θ) 
and X is a function dependent on the concentration of inhibitor (c), while A is the slope 
and B is the intercept [82]. Experimental data will be analysed using the isotherm 
model, with a constraint based on the regression coefficient (R2) to the best fit for R2 
values close to 1 [83]–[85]. 
In the present work, the dependence of surface coverage on concentration was 
studied using the following isotherm models: 
Langmuir Isotherm:  
𝐶
𝜃
=  
𝑛
𝐾
+ 𝑛𝐶                                     𝐸𝑞 3.7 
Temkin Isotherm:  
𝑙𝑜𝑔
𝐶
θ
= log 𝐾 − 𝑔θ                               𝐸𝑞 3.8 
Freundlich Isotherm: 
log θ = log 𝐾 +
1
𝑛
𝑙𝑜𝑔𝐶                           𝐸𝑞 3.9 
Frumkin Isotherm: 
𝑙𝑜𝑔
θ
(1 − θ)C
= log 𝐾 + 𝑔θ                         𝐸𝑞 3.10 
where 
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θ – Surface coverage, 
K – Equilibrium constant, 
g – Adsorbate parameter, and 
C – Concentration of inhibitor PEGLP. 
Temperature has an impact on the adsorption mechanism of the inhibitor on the metal 
surface [78]. Therefore, the effect of temperature was also investigated, as presented 
in Table 3.1, and applied to all the isotherm models to determine the free energy of 
adsorption ΔG°ads, according to Equation 3.11. 
ΔG°𝑎𝑑𝑠 → −RTln(55.5 x k𝑎𝑑𝑠)                      𝐸𝑞 3.11  
The enthalpy ΔH°ads and entropy ΔS°ads were determined using Equation 3.11, by 
plotting ∆G˚ads against T as a straight line, from which ∆H˚ads is the intercept and ∆S˚ads 
is the slope. 
II. ELECTROCHEMICAL METHODS 
Electrochemical studies generally consist of various methods in which the interaction 
between the electrical energy and chemical change can be observed in a given 
specific environment [86]. In corrosion science and engineering, electrochemical 
studies are used to evaluate the underlying mechanism of corrosion and the rate at 
which it occurs. Applications of electrochemical studies on mild steel in 1 M HCl in the 
absence and presence of the inhibitor were based on (a) OCP, (b) PDP and (c) EIS in 
this current work.  
a) Open-circuit potential or linear polarisation resistance 
OCP is an important test, from which a stable net equilibrium potential difference is 
measured between the working electrode and the reference electrode, with no 
application of an external current to the cell.  
The OCP can also provide information on the thermodynamic tendency of a metal to 
corrode. Before carrying out EIS and PDP experiments, the OCP must be determined, 
because this indicates that the system being studied is at a steady state, in which both 
cathodic and anodic reactions are assumed to have a constant rate.  
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b) Potentiodynamic polarisation 
Polarisation is a broad term that refers to a change in potential due to the flow of a 
current and mechanical side effects, which constitute an isolating barrier between the 
metal and the corroding medium [87]. In essence, PDP is a versatile and often-used 
technique, from which information on the CR and the degree of metal corrosivity in a 
specific environment can be obtained by monitoring electrochemically generated 
current as a function of time at a given potential rate. Data generated from PDP tests 
were represented as linear semi-logarithmic plots of current density log i (mA) versus 
potential E (mv) according to tafel and Bultmer-Volmer equations [88], whereby Icorr 
data were obtained from the intersects of cathodic and anodic straight lines on the 
tafel plots at the point of equilibrium potential difference, while CR and polarisation 
resistance were calculated following Equation 3.12 and 3.13 respectively. 
𝐶𝑅 =
𝑖𝑐𝑜𝑟𝑟 . 𝐾. 𝐸𝑊 
𝐷
                                 𝐸𝑞 3.12 
where  
CR – Corrosion rate, 
icorr – Corrosion current density, 
K – Corrosion unit constant, 
EW – Equivalent weight, and 
D – Metal density. 
𝑅𝑝 =
1
2.303𝑖𝑐𝑜𝑟𝑟 (
1
βa +
1
|βc|
)
                       𝐸𝑞 3.13 
where 
Rp – Polarisation resistance, 
icorr – Current density, and 
βa and βc – Tafel slopes. 
The inhibitor efficiency was calculated according to the Equations 3.14: 
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𝜂 (%) =  
𝑅𝑝 − 𝑅0𝑝
𝑅𝑝
× 100                         𝐸𝑞 3.14 
where R0p and Rp are the polarisation resistance of mild steel in absence and 
presence of the inhibitor respectively.  
c) Electrochemical impedance spectroscopy 
This technique was used to study the interaction between the metal surface and the 
solution interface by superimposing a weak AC signal, ranging between 10 mV and 
20 mV, and measuring the response of the system to this perturbation [88]. Data 
obtained were expressed mathematically by Bode and Nyquist plots. Nyquist plot is a 
semicircle complex-plane plot of the imaginary component of the impedance, Z versus 
the real component of the impedance. Bode plot is an alternate method, which consists 
of log-log plots of impedance resultant versus the angular frequency. The EIS cell was 
also simulated to Randle and complex equivalent element circuits, from which 
components, such as the charge resistance corresponding to the polarisation 
resistance, and double layer capacitance, were calculated. Charge transfer resistance 
is directly proportional to the IE. Furthermore, since double layer capacitance 
behaviour is different from that of an ideal capacitor, constant element phase was used 
to model its behaviour. Generally, the formation of an adsorptive layer on the 
metal/solution interface causes a lowering of double layer capacitance. Constant 
element phase impedance is expressed by Equation 3.15 [89]. 
𝑍𝐶𝑃𝐸 =
1
𝑗𝑌0ω𝑛
                                     𝐸𝑞 3.15 
where  
Y0 – CPE capacitance, and 
ω – Angular frequency raised to n constant exponent. 
The inhibitor efficiency was obtained by Equation 3.16: 
𝜂 (%) =  
𝑖𝑐𝑜𝑟𝑟
0 − 𝑖𝑐𝑜𝑟𝑟
𝑖𝑐𝑜𝑟𝑟
0                                𝐸𝑞 3.16 
where  
𝜂 – Inhibition efficiency, and 
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i0corr and icorr – Current densities in the absence and presence of the inhibitor 
respectively. 
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CHAPTER 4: CHARACTERISATION OF POLYMER COMPOSITE 
4.1 INTRODUCTION 
The polymer composite molecular structure is significant in determining the efficiency 
of the inhibition properties and adsorption type when the composite subjected to a 
corrosive medium. The structure influences the electron-donating ability of the 
molecule and, accordingly, its adsorption and effectiveness as an inhibitor. Loto (2017) 
and McCafferty (2016) report that the adsorption of organic inhibitors is mostly 
influenced by the physicochemical and electronic characteristics of the inhibitor 
molecule associated with their functional group groups, steric effects, the pi-orbital 
character of donating electrons, and electron density of donor atoms. FTIR and NMR 
were the primary techniques that were used to characterise the polymer composite; 
thermal stability was accessed using TGA, CNHS and SEM-EDX was used to 
determine chemical composition, and SEM to evaluate the surface morphology. 
4.2 FTIR ANALYSIS OF POLYETHYLENE GLYCOL, L-PROLINE AND PEGLP 
COMPOSITE 
The FTIR analysis was done on the composite material PEGLP then compare to the 
starting materials which were PEG and L-proline as shown in Figure 4.1. Functional 
groups and vibrations types were determined. The spectra were collected at room 
temperature in the range of 4000 to 500 cm−1. The change in the pattern structures 
and shifting in the transmittance band on the composite was a sign of polymerisation. 
Characteristic functionalised peaks that would promote the adsorption of the 
composite on the surface of the mild steel, such as N-H, C-N, N-H, C=O, C-O, and OH 
stretching vibrations, were noticed together with the aliphatic hydrocarbons C-H and 
C-C, as hydrophobic groups. The allocation of functional groups is summarised in 
Table 4.1 
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Figure 4.1: FTIR of PEG, L-proline and PEGLP composite 
Results reveal that the L-proline used in the present investigation was characterised 
by the functionalised amine group (N-H stretch) transmitting on the frequencies of 
3469, 3049 and 1613 cm-1 successively, with the O-H stretch group of alcohol 
transmitting at 3469 cm-1 and the O-H stretch group for carboxyl transmitting at 3049, 
1296, 1095, 1088 and 1044 cm-1 successively, the O-H groups are able to interact 
with the metal surface because of their polarities. The presence of a non-polar group 
was also noted in the L-proline; it was made of in-ring C-C stretch, transmitting at 1613, 
1582, 1558 and 1419 cm-1. 
The PEG was also characterised and results reveal that, at 3469 cm-1, there is a strong 
band of O-H stretch group allocated to alcohol. In addition to the presence of polar 
groups of C-O stretch (alcohol) and C-O stretch (carboxyl) observed at 1095, and 
alkane C-H stretch transmitting at 2975 and 2850 cm-1 respectively, the presence of a 
non-polar compound in the form of C-C stretch (in-ring), forming the hydrophobic tail 
of the PEG, was noted. 
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Table 4.1: FTIR analysis of L-proline, PEG and PEGLP composite 
Transmittance band 
(cm-1) 
Bond stretch 
L-proline PEG PEGLP composite 
3469 O-H 
stretch(alcohol) 
O-H stretch 
(alcohol) 
 
N-H stretch 
(amine) 
 
3199 
  
O-H stretch (alcohol)   
N-H stretch (amine)  
(Metaphase) 
transition 
3049 O-H stretch 
(carboxyl) 
  
N-H stretch 
(amine) 
2975 
 
C-H alkane(stretch) C-H alkane(stretch) 
2850 
 
C-H alkane(stretch) C-H alkane(stretch) 
1613 C-C stretch (in-
ring) 
 
N-H bending (amine) 
N-H bending 
(amine) 
C-C stretch (in-ring) 
1582 C-C stretch (in-
ring) 
 
C-C stretch (in-ring) 
1576 
  
C=O 
1558 C-C stretch (in-
ring) 
 
N-H bend (primary 
amines ) 
C-C stretch (in-ring) 
1419 C-C stretch (in-
ring) 
C-C stretch (in-
ring) 
C-C stretch (in-ring) 
O-H bend 
(carboxyl) 
 
O-H bend (carboxyl) 
1375 C-H C-H 
 
1296 C-O stretch 
(carboxyl) 
  
C-O stretch (carboxyl) 
1095 C-O stretch 
(alcohol) 
C-O-C stretch 
(alcohol) 
 
C-O stretch 
(carboxyl) 
 
1044 C-O stretch 
(carboxyl) 
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The composite emanating from the synthesis of L-proline and PEG demonstrates that 
it has more functionalised group, which makes it a useful and ideal inhibitor. Since the 
composite has more active site, it becomes more polarised and has a longer 
hydrophobic tail than the starting materials. An increase in amine group was noticed 
in the composite, present in the form of an N-H bend as primary amines, at 1613 and 
1558 cm-1 and secondary amines at 850, 796, 784, 714 and 642 cm-1, successively 
forming the fingerprint of the composite [79]. 
Comparing the composite inhibitor to the starting materials shows the disappearance 
of the transmittance bands of O-H and N-H, observed around 3469 cm-1 in both 
starting materials when shifting to 3199 cm-1 [90]. This is a transition phase, where the 
formation of O-H stretch (alcohol) and N-H stretch (primary or secondary amine) was 
noted emanating from the mixture of L-proline and PEG, appearing during 
polymerisation. IR spectrum of synthesised polymer composite also showed the 
disappearing of N-H at 3469 cm-1 and appearance of sharp bands at 1576 cm-1 and 
1296 cm-1 confirms a formation of nitro compound. The amide C=O stretching vibration 
of polymerized L-Proline is found at 1576 cm-1. The C-H deformation bands were 
observed in the region of 1400 – 1300 cm-1 PEG back bone and 1300 – 600 cm-1 L-
Proline [78], [91]. 
4.3 NMR ANALYSIS OF POLYETHYLENE GLYCOL, L-PROLINE AND PEGLP 
COMPOSITE 
Carbon 13 and 1H NMR was run to propose a possible structure for the polymer 
composite and structure of the starting material. 
4.3.1 L-proline 
The structure of L-proline was confirmed by 13C NMR and 1H NMR spectroscopy, as 
demonstrated in Figure 4.2. The 13C result is a confirmation of the FTIR findings, since 
it reveals the chemical shift of aldehydes and ketone characterised by a polar carbonyl 
group bond (C=O) at 175.4 ppm, where the carbon atom exhibits sp2 hybridisation. 
The presence of alkane (CH3), shifting in the range 0 to 70 at 24.`19 (Cd), 30.1 (Cc), 
47.8 (Ce), 62.4 (Cb) ppm successively, where the carbon atom exhibits sp3 
hybridisation. 
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To complete the block structure of the L-proline, 1H NMR was performed, and results 
reveal the presence of a non-polarised group in the form of alkanes (C is next to a pi 
bond) in the range 1.8 - 1.95 ppm. The structure of L-proline also contains a polarised 
group in the form of α to carbonyl (C is next to C = O) in the range 2.15 - 2.25 ppm 
and α to oxygen (C is attached to O) at 3.8 ppm. The presence of polarised groups 
confers on the L-proline a high adsorption property for metal, including mild steel.  
 
 
Figure 4.2: A: 13CNMR; B: 1H NMR of L-proline 
4.3.2 Polyethylene glycol  
PEG also was characterised using both 13C NMR and 1H NMR spectroscopy, as 
shown in Figure 4.3, to determine the structure, and results conform with the FTIR 
findings. 
The 13C result reveals the chemical shifting of the non-polar group predominated by 
alkane (CH3) in the range 0 - 70 ppm, where the carbon atom exhibits sp3 hybridisation 
and is poorly associated with the polarised group of C-O at 71.8 ppm, where the 
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carbon atom also exhibits sp2 hybridisation. 13C NMR of PEG shows three signals, 
because of a different carbon environment 
Further analysis with 1H NMR reveals that the non-polarised group is associated with 
vinyl (H is attached to alkane C), as noted at 3.53 and 3.59 ppm in the form of R2HC 
- CHR. 
The presence of non-polarised groups and unsaturated carbons makes the PEG ideal 
for forming complexes with the L-proline, since the presence of unsaturated carbon 
may favour the formation of a composite that will be suitable for corrosion inhibition 
with high adsorption property to metal. 1H NMR (500 MHz, D2O) of PEG, which exhibits 
peaks at δ (ppm): 3.53 (t, 2Ha & b, CH2), and 3.59 (t, 2Hc, CH2). 
 
 
Figure 4.3: A: 13C NMR; B: 1H NMR of PEG 
4.3.3 Polyethylene glycol L-proline (PEGLP) 
The composite material PEGLP that emanates from the synthesis of L-proline and 
PEG was characterised using both 13C NMR and 1H NMR spectroscopy, and results 
are presented in Figure 4.4. 
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The 13C result reveals the chemical shifting of the non-polar group dominated by 
alkane (CH3) in the range 0 to 70 ppm, where the carbon atom exhibits sp3 
hybridisation and is poorly associated with the polarised group of C-O at 71.8 ppm, 
where the carbon atom also exhibits sp2 hybridisation.  
As in the case of FTIR, 13C NMR of PEGLP demonstrated the effectiveness of the 
formation of a composite. The effectiveness formation of a composite was 
characterised by significant concentration of functionalised, making the composite 
more polar. In addition to the alkane (CH3) group noted in the range 0 to 70 ppm, 
fixation of C-O and C-N groups at 70 ppm can be seen. 13C NMR of PEGLP shows six 
signals, as a result of six different carbon environments. Figure 4.6 shows peaks at δ 
(ppm): 23.84 (Cd), 29.06 (Cc), 46.25 (Ce), 61.37 (Cf), 69.68 (Cb) and 173.41 (Ca). 
 
The 1H NMR was also performed on the PEGLP, and results shows 1H NMR (500 
MHz, D2O) of PEG exhibiting peaks at δ (ppm): 1.78– .21 (dddd, 2Hc & d, CH2), 2.8 (t, 
2Hf, CH2), 3.13–3.26 (dddd, 2He, CH2), 3.5 (t, 2Hg, CH2), 2.8 (t, 2Hf, CH2) and 3.96 (dd, 
1H, CH). Results reveal the association of non-polar groups from both L-proline and 
PEG in the form of alkane (C is next to a pi bond) in the range 1.8 - 2.21 ppm. Likewise, 
in the case of no-polar groups, the addition of a polar group from different materials 
was also noted. Furthermore, 1H NMR and 13C spectra of the prepared copolymer 
confirms the chemical structure of the synthesised PEGLP; 2.8 (t, 2Hf, CH2) confirms 
that compound was grafted via hydrogenation bonding between the amine and –OH 
of PEG. Increasing the available functionalised group (polar group) on the composite 
material increases the capacity of chemisorption and complexation of the inhibitor with 
the mild steel. On the other hand, the inhibition effect will be more pronounced when 
compared to starting material, because of the increased at the active site ends the 
hydrophobic tail (no-polar group), promoting the fast surface coverage of mild steel. It 
can be noted that the increase in polarised sites on the inhibitor structure makes the 
inhibitor easily water soluble, since it will be favoured by the hydrogen bond [92]. 
 
78 
 
Figure 4.4: A:13C NMR of PEGLP; B: 1H NMR and proposed structure for polymer 
composite (PEGLP) 
4.4 X-RAY DIFFRACTION ANALYSIS OF POLYETHYLENE GLYCOL, L-
PROLINE AND PEGLP COMPOSITE 
XRD was used to evaluate the crystallinity of the synthesis polymer composite and to 
compare it to the starting material. Figure 4.8 shows the XRD pattern for PEG, namely, 
a broad band around 2 θ value 22°, due to amorphous structure. L-proline diffraction 
shows that the material is crystalline, with sharp peaks at 2 θ values of 14.92, 18.09, 
19.61, 22.78 and 24.49. The XRD of composite material shows several sharp peaks 
at several 2 θ values: 15.79, 24.94, 29.15, 31.47, 32.49, 34.95 and 37.54. Polymer 
composite (PEGLP) diffraction pattern shows new peaks were formed at 2 θ 24.94 
and 29.15. The diffracted peaks indicate the crystalline nature of PEGLP. Furthermore, 
the XRD pattern of PEGLP is entirely different from that of PEG and L-proline, which 
confirms the compositing process. 
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Figure 4.5: XRD pattern of PEG, L-proline and PEGLP 
4.5 SURFACE MORPHOLOGY STUDIES OF POLYETHYLENE GLYCOL, L-
PROLINE AND PEGLP COMPOSITE WITH SEM-EDS 
 
Figure 4.6: Micrograph and chemical composition of PEG and L-proline as received 
A B 
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Figure 4.7: Micrograph and chemical composition of the composite at different spots 
SEM morphology was done on the starting materials and images were collected for 
the same magnification and compared to the composite as displayed in Figure 4.6 (A 
and B) and Figure 4.7. The results show that the PEG has a granular morphology, with 
dispersed particles. The same morphology was noted for the L-proline, though 
particles are agglomerated and packed. 
The surface morphology of the PEGLP is different to that of the starting materials. It 
shows long and short rod-like structures that attribute to polymerisation L-proline , and 
are randomly distributed on the PEG, as shown in Figure 4.7. 
EDS was also done, and results reveal that PEG contains 65% carbon and 35% 
oxygen, while L-proline shows 60.8% carbon, 9.55% nitrogen and 29.89% oxygen, 
while the average composition of the composite shows 42.3% carbon, 41.6 % oxygen 
and 21.3% nitrogen. It was noted that the amount of nitrogen balanced with other 
components, such as carbon and oxygen, had increased, as sign of L-proline 
polymerisation. This tendency of the nitrogen will confer to the composite a high ability 
to be adsorbed on the mild steel surface. 
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4.6 CNHS ANALYSIS OF POLYETHYLENE GLYCOL, L-PROLINE AND PEGLP 
COMPOSITE 
Table 4.2 shows CNHS analysis of PEG, L-proline and synthesised PEGLP polymer 
composite. PEGLP shows a decreased carbon percentage, and an increase in oxygen 
and nitrogen content, which is due to amino acid polymerisation – these results are in 
agreement with SEM-EDS results. From the NMR proposed molecular structure, it can 
be observed that L-proline is attached to PEG via hydrogen bonding, hence, an 
increase in nitrogen due to amino acid can be observed. 
Table 4.2: CHNS elemental analysis of PEG, L-proline and PEGLP polymer composite 
Material 
Elemental weight % 
C H N O 
PEG 53.94 9.05 0 37.01 
L-proline 51.51 7.79 11.98 28.72 
PEGLP 55.87 7.22 18.84 18.07 
4.7 THERMOGRAVIMETRIC ANALYSER ANALYSIS OF POLYETHYLENE 
GLYCOL AND PEGLP POLYMER COMPOSITE 
Thermogravimetric analysis was performed using the TG/DTA techniques at a heating 
rate of 10ºC/min in an inert environment over the temperature range 25 – 950ºC. 
TG/DTA data was generated from the experimental data to study the degradation 
properties of the composite qualitatively. TGA was used to evaluate the thermal 
stability of the synthesised polymer composite. The results were attained as the mass 
loss (%) of the material at temperature. The thermogram of the composite polymer 
PEGLP exhibits series of multiple-stage thermal decomposition. It was noted that the 
first lost in mass of the copolymer, evaluated at 22.6%, occurred at 87.8ᵒC, and it is 
attributed to dehydration. A considerable loss in mass, of approximately 40.8% at 
215.4ᵒC, then 75.6% at 241.9ᵒC, was noted, as sign of depolymerisation due to an 
increase in entropy, leading to the breakdown of the polymer matrix with a scission of 
C-H bonds, decomposition of intermediate molecular product, and degradation of 
aromatic structures [93]. 
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The thermal decomposition of the polymer composite took place around 100ºC, which 
offers a wider application of polymer composite over a maximum temperature of 200ºC 
without degrading. Figure 4.8 shows TGA/DTA of PEG and PEGLP. 
 
Figure 4.8: TGA/DTA analysis curves of PEG and PEGLP 
4.8 CONCLUSION 
To fulfil the objectives of the present study, the after synthesis of the composite 
inhibitor from PEG and L-proline, the product was characterised using, successively, 
FTIR, NMR, XRD, SEM-EDS, CNHS and TGA. This was done to confirm that the 
composite formed was well crystalline to form a water-soluble compound, and was 
able to withstand high temperatures. Furthermore, the characterisation was done to 
show that the polymerisation of the L-proline in the presence of PEG was achieved 
and the final product is a functionalised polymer with high affinity for the mild steel, 
and capable of promoting the blanketing of the surface and protecting the metal from 
corrosive media. 
In accordance with previous related work, such as that by Hamadi et al. (2018), organic 
inhibitor compounds with functional groups, such as –OH, NH2 and COOH, are 
considered to be good corrosion inhibitors. These functional groups promote their 
adsorption on large surface areas. FTIR confirmed that the synthesised polymer 
composite has, in addition to non-polar groups such as alkane, alkyne, and C-C ring, 
primary, secondary and aromatic amine supported by a carboxyl group on the 
functionalised site; this was confirmed and supported by the NMR results. The XRD 
result demonstrated that the synthesised copolymer composite was well crystalline, 
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compared to the amorphous structure of the PEG. SEM-EDS surface morphology 
confirmed that the synthesised copolymer composite has binary materials, and their 
chemical composition showed an increase in nitrogen and a decrease in carbon, 
confirming the results of FTIR and NMR. This finding affirms that new material was 
produced. Thermal properties of synthesised copolymer composite were assessed by 
TGA and DTA. The results indicate that the mass loss linked to the decomposition of 
the composite structure was observed at a temperature of 79.78ºC, then at 228.17ºC, 
while PEG decomposition stared at 64.94ºC, and then at 281.0ºC. This finding 
suggests that the synthesised copolymer composite could have a variety of 
applications in different industries before it degrades.  
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CHAPTER 5: INVESTIGATION OF THE INHIBITION EFFICIENCY 
 OF THE PEGLP ON THE MILD STEEL 
(GRAVIMETRIC METHOD) 
5.1 INTRODUCTION 
The inhibition effect of the synthesised polymer composite PEGLP on mild steel in 1 
M HCl medium was studied. This chapter will provide further information on the 
inhibition capabilities of PEGLP as an inhibitor in 1 M HCl, of which the following 
aspects were investigated by means of a gravimetric technique. 
a) Kinetics of corrosion with and without inhibitor 
During the study of the kinetics of corrosion, the CR as well as the inhibition efficiently 
was determined while investigating 
 Effect of inhibitor concentrations, 
 Effect of immersion time, and 
 Temperature effects (thermodynamic parameters, energy of activation, 
adsorption isotherms and free energy adsorption). 
b) Mechanism controlling the adsorption of inhibitor on the surface of mild steel 
During the study of the mechanism controlling the adsorption of the inhibitor on mild 
steel, the surface coverage and an adsorption isotherms model were determined while 
varying temperature and concentration. Based on parameters generated from the 
isotherm model, thermodynamic parameters, such as free energy of adsorption, 
enthalpy and entropy of adsorption, were also studied and will be discussed.  
5.2 KINETIC STUDY OF CORROSION OF MILD STEEL IN 1 M HCl WITH AND 
WITHOUT INHIBITOR  
Weight loss measurement is a conventional and authentic technique, which is most 
often used to evaluate CR and determine the corrosion inhibition performance of an 
inhibitor. Therefore, the effects of concentration, immersion time and temperature 
were varied to determine weight loss, IE, optimum concentration of the inhibitor and 
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surface coverage. Based on results deduced, the adsorption type, mechanism, 
kinetics of corrosion inhibition and thermodynamic parameters could be determined. 
5.2.1 Effects of concentration and immersion time at room temperature  
a) Weight loss measurement method  
In order to acquire more data about the performance of PEGLP inhibitor and its long-
term effects as a corrosion inhibitor in 1 M HCl, gravimetric measurements were 
conducted for periods ranging from 1 h to 9 h in different concentrations at 25°C. The 
gravimetric measurements were used to calculate CR, IE and surface coverage. 
Results in Table 5.1 show calculated parameters. The differences of IE with immersion 
time for different concentrations of PEGLP are shown in Figure 5.1. 
PEGLP increases inhibition efficiencies from 77.06 to 94.48% as the concentration for 
PEGLP increases from 200 to 800 ppm. The maximum inhibition was observed at 800 
ppm for 6 h, which indicates the establishment of absorptive film on the mild steel 
surface as immersion time increases. After 6 h, a decrease in IE was observed, due 
to the slow desorption of inhibitor molecules. This effect may be due to the desorption 
of the polymer composite on the surface, which reduces the direct contact of the metal 
with the corrosive solution. 
Table 5.1: Corrosion rate, inhibition efficiency and surface coverage for mild steel 
corrosion in 1 M HCl at 25°C in the absence and presence of different concentrations 
of PEGLP for different immersion periods 
Time 1 h  3h  6 h 9 h 
Composite CR IE CR IE CR IE CR IE 
Concentration 
of PEGLP 
(ppm) 
mm/year % mm/year % mm/year % mm/year % 
Blank 29.937   28.935   38.753   38.819   
200 23.606 21.2 12.411 57.1 12.912 66.7 15.296 60.6 
400 22.211 25.8 8.584 70.3 5.311 77.5 9.955 74.4 
600 11.588 61.3 5.651 80.5 3.917 92.5 6.629 82.9 
800 6.867 77.1 1.61 92.4 2.915 94.5 4.912 87.4 
PEG (800ppm) 21.46 28.3 5.866 79.7 8.852 77.2 9.407 75.8 
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Figure 5.1: Variation of inhibition efficiency of PEG and PEGLP with immersion time at 
different inhibitor concentrations 
b) Atomic absorption spectroscopy 
To validate results, AAS was used to investigate the effect of concentration and 
immersion time, by calculating the IE of PEGLP from the amount of Fe dissolved. The 
IE obtained by this technique was found to be in good agreement with that obtained 
from the weight loss method; results are presented in Table 5.2 and Figure 5.2. 
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Table 5.2: Amount of dissolved Fe present in the corrosive solution with PEGLP and 
without PEGLP in 1 M HCl measured using AAS 
Time 1 h   3 h   6 h 9 h 
PEGLP Amount of Fe IE 
Amount of 
Fe IE 
Amount of 
Fe IE 
Amount of 
Fe IE 
Conc 
(ppm) mg/l % mg/l % mg/l % mg/l % 
Blank 386.536   1499.906   3938.524   3938.524   
200 335.374 13.2 533.063 64.5 1341.392 65.9 1341.392 65.9 
400 238.792 38.2 288.684 80.8 366.673 90.7 828.430 79 
600 134.039 65.3 205.322 86.3 320.853 91.9 473.928 88 
800 138.896 64.1 275.420 81.6 271.450 93.1 398.109 89.9 
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Figure 5.2: Dissolved Fe present in the corrosive solution with PEGLP and without 
inhibitor in 1 M HCl measured using AAS 
The increase in IE as the concentration increased can be attributed to the formation 
of a multilayer coat, which may provide total protection. Therefore, increasing the 
concentration led to an increase in the adsoption, and promoted the surface coverage 
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of the inhibitor on the mild steel surface. This situation will favour the inhibition of the 
metal surface. Increasing the concentration of inhibitor implies addition of multilayers 
on the metal surface. Arukalam et al. (2014) and Ashassi-Sorkhabi and Ghalebsaz-
Jeddi (2005) attribute this type of situation to an exchange of water molecules present 
on the metal surface with the inhibitor molecules. This exchange may take place 
according to the following mechanism, which contains intermediate species stopping 
the anodic dissolution of iron.  
𝐹𝑒 + 𝐻2𝑂 → 𝐹𝑒. 𝐻2𝑂𝑎𝑑𝑠 
𝐹𝑒. 𝐻2𝑂𝑎𝑑𝑠 +  𝑌 ←→  𝐹𝑒𝑂𝐻𝑎𝑑𝑠 
− + 𝐻+ + 𝑌 
𝐹𝑒. 𝐻2𝑂𝑎𝑑𝑠 +  𝑌 ←→  𝐹𝑒𝑌𝑎𝑑𝑠 + 𝐻2𝑂 
𝐹𝑒𝑂𝐻𝑎𝑑𝑠
− → 𝐹𝑒𝑂𝐻𝑎𝑑𝑠  + 𝑒
− (𝑟𝑎𝑡𝑒 𝑑𝑒𝑡𝑒𝑟𝑚𝑖𝑛𝑔 𝑠𝑡𝑒𝑝) 
𝐹𝑒𝑌𝑎𝑑𝑠 → 𝐹𝑒𝑌
+  + 𝑒− 
𝐹𝑒𝑂𝐻𝑎𝑑𝑠 + 𝐹𝑒𝑌𝑎𝑑𝑠
+  ←→ 𝐹𝑒𝑌𝑎𝑑𝑠 +  𝐹𝑒𝑂𝐻
+ 
𝐹𝑒𝑂𝐻+ + 𝐻+  ←→ 𝐹𝑒2+ + 𝐻2𝑂 
𝑌 = 𝐼𝑛ℎ𝑖𝑏𝑖𝑡𝑜𝑟 𝑠𝑦𝑠𝑡𝑒𝑚 
According to Arukalam et al. (2014), this mechanism is favoured by the adsorption of 
the inhibitor molecules characterised by a suitable adsorption enthalpy on the active 
site of the metal surface, leading to the blockage of cathodic or anodic reactions. 
Therefore, an increase in the concentration of the inhibitor promotes the formation of 
a film that fulfils the role of a barrier between the metal surface and the corrosive 
environment (HCl).  
Concerning the effect of time, it was observed that the action of the inhibitor in 
protecting the metal surface increased over 6 h of immersion, after which it started 
declining slightly. The increase in the IE was first favoured by the electrostatic 
interaction between surface metal and functionalised site of the inhibitor. The increase 
in IE is also explained by the salvation of the polymer, which favours their dispersion 
and effective adsorption in addition to the formation of a monomolecular layer, leading 
to the formation of a complex with iron [96]. The decline in the IE after 6 h could be 
explained by competition between the inhibitor molecules and chloride ions to be get 
adsorbed on the metal surface. 
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5.2.2 Effects of temperature 
Temperature is considered to be an important factor of interest in most investigations 
of corrosion inhibition. This is because temperature may either assist in speeding up 
the adsorption of the inhibitor on the metal surface, or may have a negative impact on 
the resistance of the inhibitor, because temperature contributes to speeding up the CR 
of mild steel. In the presence of an inhibitor, temperature causes complex reactions, 
such as fast etching, rupture or desorption of the inhibitor, decomposition and/or 
rearrangement of the inhibitor structure [78], [97]. 
a) Determining CR and IE  
The CR of the mild steel and the IE of PEGLP on mild steel at temperatures of 298 K, 
308 K, 318 K, 320 K, and 330 K, while varying PEGLP at fixed time, was determined. 
The effect of a change in temperature on the CR of mild steel in 1M HCl with and 
without PEGLP as an inhibitor was examined using weight loss measurements; results 
obtained are shown in Table 5.3 and Figures 5.3 and 5.4. The results indicate that, as 
the temperature increased, the CR increased and the IE decreased. The highest 
corrosion IE was obtained at 800 ppm during concentration optimisation at 298 K for 
6 h. The IE obtained at optimum concentration was 94.48% at 298 K and 79.05% at 
338 K, with immersion time of 6 h. The behaviour of PEGLP shows instability, due to 
the desorption from mild steel at high temperatures, and its probable decomposition 
into monomers or another compound with no affinity with the mild steel. 
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Table 5.3: Inhibition efficiencies of different concentrations of inhibitors for corrosion 
of mild steel in 1 M HCl obtained by weight loss measurements at high temperatures 
Temperature 298 K 308 K 318 K 328 K 338 K 
Composite CR IE CR IE CR IE CR IE CR IE 
Concentration 
of PEGLP 
(ppm) 
mm/year % mm/year % mm/year % mm/year % mm/year % 
Blank 68.404   68.404   96.248   160.629   206.732   
200 25.680 63 25.680 63 56.440 41 102.454 36 142.674 31 
400 17.025 75 17.025 75 39.862 59 70.747 56 105.405 49 
600 9.138 87 9.138 87 15.183 84 32.941 80 54.473 74 
800 7.296 89 7.296 89 12.089 87 25.180 84 43.314 79 
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Figure 5.3: IE against temperature at different inhibitor concentrations 
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Figure 5.4: IE against inhibitor concentration at different temperatures 
b) Determination of thermodynamic parameters of activation 
 Determining the activated energy Eact 
To investigate the effect of temperature on the corrosion reaction of mild in the 
presence of the PEGLP as inhibitor, Arrhenius equation was used and the activated 
energy Ea was determined according to Equation 5.1.  
𝒍 𝒏(𝑪𝒓) =  −
𝑬𝒂𝒄𝒕
𝑹𝑻
+ 𝒍𝒏𝑨                      𝑬𝒒. 𝟓. 𝟏 
where  
Cr – CR,  
Eact – Apparent activation energy,  
A – Arrhenius pre-exponential factor,  
R – Gas constant, and  
T – Absolute temperature. 
This is as linear equation represented in a orthogonal coordinate system, where ln(Cr) 
is considered as a ordinate, 1/T as an abscissa and Ea./R equivalent to the slope from 
which Eact. will be deduced by calculating Eact. = −slope × 2.303R. 
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Note that the Eact helps to understand the mechanism of inhibition taking place. 
For this case study, the Arrhenius plot for mild steel exposed at different 
concentrations of PEGLP and various temperatures is presented in Figure 5.5, while 
the relevant Eact in different conditions is presented in Table 5.4. 
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Figure 5.5: Alternative Arrhenius plot for mild steel exposed at different 
concentrations of PEGLP and temperatures 
Table 5.4: Activation energy inhibition of mild steel in 1M HCl in the absence and 
presence of inhibitors  
Solution concentration in PEGLP 
(ppm) 
Activation energy Eact 
(kJ mol-1) 
Blank 35.28 
200 52.02 
400 52.43 
600 54.9 
800 55.67 
 
The slopes of the lines were determined and the apparent values of Eact were 
calculated from the slopes (Eact = −slope × 2.303 R), and are given in Table 5.4. The 
data shows that the values of Eact ranged from 52.02 to 55.67 kJ/mol. These values 
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are higher than the value of 35.28 kJ/mol obtained for the acid media solution 1M HCl, 
indicating that the corrosion reaction of mild steel is decelerated by the PEGLP and 
supports the phenomenon of physical adsorption [21].  
Since the value of Eact calculated is lower than 80 kJ/mol which is considered to be the 
threshold for chemical adsorption, in the present case, the adsorption is physical. The 
high value of Eact in the range of 52.02 to 55.67 kJ/mol is justified by the presence of 
high energy active sites on the metal surface in interaction with the inhibitor to be 
covered [98]. 
 Determining enthalpy of activation ΔHact and the entropy of activation ΔSact 
The thermodynamic activation parameters of the corrosion inhibitor on the mild steel 
exposed to an acidic environment were determined using the transition state equation 
5.2.  
𝒍𝒏
𝑪𝒓
𝑻
=  −
∆𝑯
𝑹𝑻
+
∆𝑺
𝑹
+ 𝒍𝒏
𝑹
𝑵𝒉
                              𝑬𝒒. 𝟓. 𝟐  
Where  
CR – Corrosion rate,  
ΔHact – Enthalpy of activation,  
ΔSact – Entropy of activation,  
N – Avogadro’s number,  
R – Universal gas constant,  
h – Planck constant, and  
T – Absolute temperature. 
This is a linear equation represented in a orthogonal coordinate system, where ln(Cr)/T 
is considered as a ordinate, 1/T as an abscissa and -ΔHact /R equivalent to the slope 
from which ΔHact will be deduced, while log (R/Nh)+ ΔSact /R) is considered as the 
intercept from which the values ΔSact is calculated.  
For this case study, the transition state plot for mild steel exposed at different 
concentrations of PEGLP and different temperatures is presented in Figure 5.6, while 
the relevant ΔHact and ΔSact in different conditions are presented in Table 5.5. 
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Figure 5.6: Transition plot for steel dissolution in 1 M HCl solutions in the absence 
and present of different concentration of composite 
Table 5.5: Activation parameters of steel dissolution in 1M HCl in the absence and 
presence of inhibitors 
 Solution 
concentration in 
PEGLP 
(ppm) 
Activation parameters 
ΔHact 
(kJ mol-1) 
ΔSact 
(kJ mol-1 K) 
Blank 32.65 -0.2 
200 49.38 -0.2 
400 49.8 -0.2 
600 52.26 -0.21 
800 53.03 -0.21 
 
The positive sign of enthalpies indicates the endothermic nature of the mild steel 
dissolution process, meaning that the dissolution of mild steel is very slow in the 
presence of inhibitor [99]. The negative values of the entropy of activation, in both the 
absence and the presence of the inhibitor, imply that the activated complex in the rate-
determining step represents an association rather than a dissociation step, meaning 
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that a decrease in disordering takes place, ongoing from reactants to the activated 
complex [100]. 
Comparing the thermodynamic parameters of adsorption shows that values of Eact are 
slightly higher than ΔSact. According to Soltani et al. (2012), this situation shows that 
corrosion that took place involved gaseous reactions, such as hydrogen. 
5.3 ADSORPTION MECHANISM OF INHIBITOR ON MILD STEEL 
Since the adsorption process is an interfacial reaction due to the interaction between 
mild steel and inhibitor, as illustrated by the present case, the process may involve 
both physical and chemical interactions. The inhibition of corrosion on mild steel is a 
substitution reaction of organic compounds dissolved in an aqua phase, with the water 
molecules present at the mild steel surface according to Reaction 3.1, which was 
presented in the methodology. Therefore, an investigation of the thermodynamic 
aspect related to the number of water molecules exchanging with the inhibitor, and the 
surface coverage (θ), which shows the degree to which the surface is shielded from 
the corrosive environment by inhibitors, will be of great importance. 
5.3.1 Determination of the surface coverage  
In the present study, the degree of surface coverage (θ) was determined for different 
inhibitor concentrations, while the mild steel was exposed to 1 M Cl at various 
temperatures, namely, 298 K, 308 K, 318 K, 328 K and 338 K, and a fixed immersion 
time, 6 h. Results are summarised in Table 5.6. 
Table 5.6: Degree of surface coverage (θ) of the inhibitor at different concentrations 
and different temperatures 
Degree of surface coverage (θ) %ŋ 
  Temperature 
Concentration (ppm) 298 K 308 K 318 K 328 K 338 K 
Blank           
200 0.62 0.62 0.41 0.36 0.31 
400 0.75 0.75 0.59 0.56 0.49 
600 0.87 0.87 0.84 0.79 0.74 
800 0.89 0.89 0.87 0.84 0.79 
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The results show that degree of surface coverage is directly proportional to 
concentration for a fixed temperature. This finding is due to the excess of electron 
donor atoms of N and O present in the inhibitor as the concentration increases. A 
further increase in the concentration of inhibitor will favour adsorption on the metal 
surface, until it reaches the optimum value. In the case of an increase in temperature, 
the degree of surface coverage is inversely proportional to the increase in temperature 
while working at a constant concentration. This is due to the decomposition of the 
organic inhibitor, in either monomer or an unstable compound with lower inhibition 
properties [84]. 
5.3.2 Investigation of selected adsorption isotherms model on the inhibition of mild 
steel corrosion in the presence of PEGLP 
To understand the adsorption phenomenon, the concept of surface coverage was 
investigated and applied to various adsorption isotherm models, and the best-fitting 
model selected. Adsorption isotherm models are important for describing the 
behaviour of corrosion inhibitors on the metal surfaces they are intended to protect. 
The mechanism between the inhibitor molecules and mild steel surface in 1 M HCl can 
be explained by means of adsorption isotherms, namely, Langmuir, Tempkin, Frumkin 
and Freundlich. This includes using appropriate plots to define parameters that provide 
useful information for forecasting what happens at the adsorbed layer. To describe the 
adsorption behaviour, the surface coverage obtained from weight loss analysis at 
different temperatures was fitted to different adsorption models to find the isotherm 
that gave the best fit – one that gave a high regression coefficient value R2. In this 
research, Langmuir, Tempkin, Frumkin and Freundlich were tested and the model that 
gave the best fit was the Frumkin model, with regression coefficient values R2 relatively 
close to unity and ranging from 0982 to 09953, as summarised in Table 5.7. 
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Figure 5.7: Langmuir (A) Temkin (B) Frumkin (C) Freundlich (D) isotherm plots for 
adsorption of PEGLP on mild steel surface at different temperatures 
Table 5.7: Adsorption isotherm parameters of PEGLP on Mild steel in 1M HCl 
Isotherm 
  Langmuir   Temkin 
Temp (K) 298 308 318 328 338 Temp (K) 298 308 318 328 338 
R2 0.992 0.997 0.949 0.937 0.895 R2 0.972 0.951 0.985 0.953 0.965 
K 7.575 7.209 2.297 2.721 1.826 K 13.011 137.436 128.736 14.565 14.044 
Log K 0.879 0.858 0.361 0.435 0.262 Log K 1.114 2.138 2.109 1.163 1.147 
  Frumkin  Freundlich 
Temp (K) 298 308 318 328 338 Temp (K) 298 308 318 328 338 
R2 0.982 0.993 0.994 0.995 0.994 R2 0.961 0.985 0.970 0.918 0.981 
K 0.027 0.032 0.109 0.124 0.140 K 98.673 96.716 103.896 102.376 97.342 
Log K -1.569 -1.489 -0.961 -0.906 -0.854 Log K 1.994 1.986 2.017 2.010 1.988 
 
Analysis of results shows that the K value increased from 298 K to 308 K, then started 
decreasing, to 338 K. This shows that the adsorption of the inhibitor was very strong 
on the surface of metal at 308 K. At this temperature, either the electrostatic attraction 
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linked to the Van der Waals forces, or the covalent bonding, are of high intensity 
between the adsorbed and the atoms on the metal surface. 
5.3.3 Determination of thermodynamic parameters of adsorption  
The adsorption of inhibitor on the metal surface is of great importance in an 
investigation of the corrosion inhibition process relating to organic inhibitors, especially 
when the effect of temperature is considered. Therefore, the thermodynamics of 
adsorption, such as free energy of adsorption, from which the enthalpy of adsorption 
ΔHads and the entropy of adsorption ΔSads were deduced, was investigated to 
understand the adsorption mechanism taking place when organic inhibitors are used 
to protect mild steel. 
 Determining free energy of adsorption 
During the inhibition corrosion process, it is important to evaluate thermodynamic 
parameters, since this will promote understanding of the mechanism controlling the 
adsorption of inhibitors on the metal surface. Therefore, as the adsorption is relying 
on the substitution of water present on the metal surface with the inhibitors compound. 
To determine the free energy needed for the adsorption, the amount energy required 
to remove water molecules from the surface is determined according to Equation 3.11, 
while using the equilibrium constant K generated from the best fitting isotherm model, 
that is, the Frumkin isotherm model. The results calculated for ΔGads at different 
temperatures are summarised in Table 5.8. 
Table 5.8: Frumkin adsorption isotherm parameters of PEGLP on Mild steel in 1M HCl 
  Frumkin 
Temp (K) 298 308 318 328 338 
R2 0.982 0.9934 0.9939 0.9953 0.9942 
K 0.027 0.0324 0.1094 0.1242 0.14 
Log K -1.569 -1.489 -0.961 -0.906 -0.854 
∆G (KJ) -0.999 -1.508 -4.772 -5.266 -5.765 
Α 2.5131 2.3495 1.657 1.5833 1.5268 
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 Determining enthalpy of adsorption ΔHads and the entropy of adsorption ΔSads 
Thermodynamic parameters, such as enthalpy of adsorption ΔHads and the entropy of 
adsorption ΔSads, are essential for studying the inhibitive mechanism on the mild steel. 
The free energy of adsorption ΔGads was calculated using Equation 3.11 and the best 
fitting isotherm adsorption model (Frumkin), which can be equivalent to the interaction 
of adsorbed molecules and metal surface. 
Results of thermodynamic parameters generated from the free energy of inhibition 
adsorption when mild steel was exposed at different temperature and concentrations, 
are given in Table 5.9. 
Table 5.9: Thermodynamic parameters of adsorption of PEGLP in MS in 1 M HCl 
medium 
  Temperature  Log K  
∆Gads  
(kJ /mol) 
298 -1.569 -0.999 
308 -1.489 -1.508 
318 -0.961 -4.772 
328 -0.906 -5.266 
338 -0.854 -5.765 
∆Hads (kJ /mol) 13.461 
∆Sads (J/molK-1) -46.075 
 
Generally, if values of ΔGads are below -20 kJ/mol, corrosion inhibition is considered 
to be controlled by a physical adsorption reaction, which involves Van der Waals 
forces between the macromolecules of the polymer, as the adsorbate, and the mild 
steel surface as the adsorbent, while negative ΔGads higher than -40 kJ/mol 
corresponds to ionic or dipole forces involving transfer or sharing of electrons from the 
inhibitor to the metal surface, to form a coordinate type of bond by chemisorption 
reaction. 
Since the adsorption of PEGLP to mild steel obeys the Frumkin isotherm, the free 
energy of adsorption was calculated from the Frumkin isotherm plot. Table 5.9 shows 
that ΔGads is negative and below -20 kJ/mol. Hence, it is suggested that PEGLP 
corrosion inhibition on mild steel in 1M HCl takes place by physisorption, which 
involves Van der Waals forces between the macromolecules of the synthesised 
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polymer and the mild steel surface. Because the experimental values of ΔGads are 
between -0.999 kJ/mol and -5.765 kJ/mol, it was deduced that the PEGLP had formed 
a stable film that would obstruct the diffusion of metal towards the solution. The entropy 
of adsorption and enthalpy of adsorption were obtained using the Gibbs-Helmholtz 
equation. Figure 5.8 is a plot of ΔGads against 1/T, which gives a straight line with 
intercept and slope representing ΔHads and ΔSads respectively. ΔHads and ΔSads give 
extra information with regard to the mechanism of adsorption. Table 5.9 shows that 
ΔHads gives a positive value, which means that adsorption is taking place, with 
absorption of heat as a sign of an endothermic reaction. Geethanjali and Subhashini 
(2015) investigated the thermodynamics related to the adsorption mechanism of 
inhibitors, and they justify the positive sign of the enthalpy as associated to the fact 
that the composite polymer is a macromolecule. In fact, as a macromolecule, during 
the orientation of species toward the metal surface, the process is accompanied by a 
need for an important amount of energy, leading to an endothermic process. The 
presence of N and O atoms on the inhibitor promotes the adsorption of molecules on 
the surface of the metal, and justifies negative sign of the entropy.  
Note that, due to the absorption of heat by the inhibitor from the system, the inhibitor 
will undergo a slight decomposition, which is attributed to loss of water mass at low 
temperature prior to decomposition from polymer to monomer, as demonstrated during 
the thermogravimetric study [93]. 
 
101 
0.0029 0.0030 0.0031 0.0032 0.0033 0.0034
-6
-5
-4
-3
-2
-1
 
 

G
ab
s 
(K
j/m
ol
)
1/T (K-1)  
Figure 5.8: Gibbs free energy plot for the determination of ΔHads and ΔSads 
5.4 CONCLUSION 
The investigation of new, eco-friendly and cost-effective PEGLP was evaluated to 
determine if it was possible to decrease corrosion attack on mild steel in an acidic, 
corrosive environment. From the gravimetric analysis, the following can be concluded:  
a) PEGLP is an efficient inhibitor for mild steel,  
b) IE increases as the inhibitor concentration increases, and  
c) An IE of 94.4% was obtained when using 800 ppm PEGLP at 25° C.  
The effects of temperature were also investigated, and results reveal that an increase 
in temperature leads to an increase in CR, while the activation energy Eact gave higher 
values in the presence of PEGLP (52-55 kJ /mol-1) than in the absence of PEGLP (35 
kJ /mol-1). The ΔHact of the inhibitor was positive and proportional to an increase in the 
PEGLP concentration, while ΔSact was negative and constant with a variation of 
concentration inhibitors. 
The mechanism of PEGLP adsorption onto the mild steel surface was found to be in 
agreement with the Frumkin adsorption isotherm. Thermodynamic parameters based 
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on the free energy of adsorption indicate that PEGLP adsorption on mild steel exposed 
to 1 M HCl was spontaneous and was physisorption-controlled. 
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CHAPTER 6: INVESTIGATION OF INHIBITION EFFICIENCY 
 OF PEGLP ON MILD STEEL 
(ELECTROCHEMICAL METHOD) 
6.1 INTRODUCTION 
Since corrosion involves electrochemical reactions, this chapter will report on the use 
of electrochemical measurement techniques to investigate the rate of corrosion of mild 
steel in 1 M HCl solution with and without different concentrations of inhibitor (PEGLP). 
In addition to CR, the mechanism at the interface of metal and solution with and without 
inhibitor was also investigated. These investigations used electrochemical 
measurement techniques, such as OCP, PDP, and EIS.  
6.2 OPEN CIRCUIT POTENTIAL MEASUREMENTS 
Mild steel’s susceptibility to corrosion attack in the absence and presence of PEGLP 
inhibitor at different concentrations was evaluated under corrosion equilibrium 
conditions, whereby anodic and cathodic currents were equivalent in magnitude, i.e., 
Ia = │-ic │with no net external current supply over a constant immersion time of 1 h at 
25oC. OCP parameters are summarised in Table 6.1. 
Table 6.1: OCP parameters in the presence and absence of PEGLP inhibitor in 1 M HCl 
at 25oC 
Parameters Ecorr (mV) 
Blank -429.714 
200 ppm -482.175 
400 ppm -489.235 
600 ppm -496.491 
800 ppm -498.631 
 
Results in Table 6.1 indicate a negative increase in equilibrium potential Ecorr, from 
429.714 to -498.631 mV, as PEGLP concentration increases. Although simple OCP 
measurement provides limited mechanistic information on corrosion compared to EIS 
and PDP, the shift of corrosion potential Ecorr in a more cathodic direction could be 
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attributed to the ability of the dissolved inhibitor to interact and limit diffusion of 
corrosive agents through the metal-solution interface by forming an absorptive film on 
cathodic corrosion sites, hence, mild steel becomes less susceptible to corrosion 
attack in 1 M HCl in the presence of PEGLP composite polymers. 
6.3 POTENTIODYNAMIC POLARISATION 
Electrochemical corrosion kinetics of the anodic and cathodic reactions taking place 
on the mild steel in 1 M HCl in the absence and presence of different concentrations 
of PEGLP were determined by PDP measurements. Figure 6.1 shows the PDP curve 
that was used to study the polarisation behaviour on the mild steel. Electrochemical 
parameters, such as corrosion current density (Icorr), corrosion potential (Ecorr), CR, 
cathodic tafel plot (Bc), anodic tafel plot (Ba) and IE were calculated from the tafel plots 
in Figure 6.1 using the EC-lab software.  
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Figure 6.1: Potentiodynamic polarisation curves for mild steel in 1 M HCl in the 
absence and presence of different concentrations of PEGLP at 25ºC for 1 h 
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Table 6.2: Potentiodynamic polarisation parameters for mild steel in 1 M HCl in the 
absence and presence of different concentration of PEGLP at 25ºC for 1 h 
Composite conc 
(ppm) 
Ecorr Icorr Βa Βc Rp CR 
(mmpy) IE% (mV) (µA) (mV) (mV)  
Blank -471.369 2556.361 122.6 162.2 11.860 29.307   
200 ppm -475.474 493.51 93.8 146.3 502.881 5.657 80.70 
400 ppm -481.678 344.267 95 159.2 750.415 3.946 86.5 
600 ppm -490.168 199.744 92.4 119.3 113.194 2.289 92.19 
800 ppm -498.298 162.363 89.8 145.5 148.503 1.861 93.65 
 
Table 6.2 shows that the value of Icorr decreases as the concentration of the inhibitor 
(PEGLP) increases. This indicates that the addition of PEGLP hinders acid attack on 
mild steel. The current density Icorr decreases from 2556.361 to 162.363 µA when 
PEGLP is added. The IE was deduced from Icorr values; the maximum IE was found to 
be 93.65% for 800 ppm PEGLP. This confirms the adsorption of the polymer 
composite on the mild steel; hence, decreases in CR and increases in IE. The 
presence of PEGLP inhibitor changes the values of Ecorr. According to Karthikaiselvi 
and Subhashini (2017), if the Ecorr values are greater than 84 mV, the inhibitor acts as 
a cathodic or anodic inhibitor, and if it is less than 84 mV, the inhibitor is seen as a 
mixed type inhibitor. The current study found the maximum Ecorr to be 30 mV, which 
indicates the PEGLP is mixed type inhibitor. The corrosion inhibitor mechanism 
worked by suppressing both cathodic and anodic reactions, and by forming a 
protection film on the surface [103]. 
The polarisation resistance Rp was calculated using icorr, βa and βc values following 
Equation 3.13 [104]. An increase in polarisation resistance, from 11.86 to 148.503 , 
was observed due to the formation of a protective film formed on the metal surface. 
This confirms the adsorption of the polymer composite on the mild steel, hence, the 
decrease in CR and increase in IE. 
6.4 ELECTROCHEMICAL IMPEDANCE SPECTROSCOPY 
The underlying mechanism of corrosion on mild steel in 1 M HCl at different 
concentrations was investigated using alternating current impedance response data, 
which is represented in terms of Nyquist and Bode plots. Nyquist plot is a semicircle 
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complex-plane plot of the imaginary component of the impedance Z versus the real 
component of the impedance, shown in Figure 6.2. The increase in angular slope and 
size of semicircles indicates that the charge transfer or polarisation resistance 
increases as PEGLP polymer concentration increases. Alternatively, the log-log plots 
of impedance resultant versus the angular frequency, referred to as Bode plots in 
Figure 6.3, also show an increase in the impedance resultant with an increase in 
PEGLP concentration. Hence, this suggests that the presence of PEGLP adsorptive 
film on the metal/acid solution interface prevents mild steel from corroding in HCl.  
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Figure 6.2: Nyquist plot of mild steel in 1 M HCl in the absence and presence of 
PEGLP inhibitor 
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Figure 6.3: Bode plot of mild steel in 1 M HCl in the absence and presence of PEGLP 
inhibitor 
 
Figure 6.4: Equivalent circuit model used for EIS data with 1 M HCl 
 
Figure 6.5: Equivalent circuit model used for EIS data with 1 M HCl and inhibitors 
Electrochemical processes in the cell were simulated to equivalent element circuit 
models shown in Figure 6.4 and 6.5, whereby Rs is the solution resistance correlating 
with the electrical conductivity of the electrolyte – an important factor for the 
determining equivalent element circuits impedance; and Rct is the charge transfer 
resistance, which corresponds to the polarisation resistance. Rct is directly proportional 
to IE, thus, inversely proportional to the CR. Rpo is the pore resistance equivalent to 
the product of the electrolyte resistivity and the pore length divided by the pore surface 
area. C2 and C3 represent the constant phase elements that model the behaviour of a 
double layer, referred to as an imperfect capacitor. Constant-element phase 
impedance is expressed according to Equation 3.15 [89]. 
Table 6.3: EIS parameters of mild steel in 1 M HCl in the absence and in presence of 
PEGLP inhibitors 
  Rs () Rct () Rpo() C2 (µF) C3 (µF) IE% 
Blank 2.395 9.612 2.843 1.62E-04 69.53 - 
200 ppm 3.383 51.07 15.89 9.79E-05 5.29E-05 81.2 
400 ppm 4.859 84.43 1039 37.87 3.44E-05 88,62 
600 ppm 2.637 135.5 8.40E-03 2.68E-05 8.07E-02 92,91 
800 ppm 10.13 464.9 123.6 4.09E-02 3.96E-05 97,93 
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Results in Table 6.3 show an increase in charge transfer resistance, from 9.612 to 
464.9 . This suggests a decrease in CR and increase in IE. Inhibition efficiency was 
calculated following Equation 3.16 and the maximum IE% was found to be 97.93% for 
800 ppm. EIS results reassert inhibiting effects of PEGLP adsorption on mild steel in 
1 M HCl. 
6.5 CONCLUSION 
Potentiostatic evaluation of PEGLP as a corrosion inhibitor for MS in 1 M HCl was 
evaluated using PDP and EIS. PDP results indicate that the Ecorr does not change in 
the presence and in the absence of PEGLP as an inhibitor and, thus, affects the anodic 
dissolution together with cathodic hydrogen evolution reactions, and acts as a mixed 
type inhibitor. In the presence of PEGLP, the Icorr values decreased, which shows that 
the inhibitor controls corrosion. PEGLP behaves like a mixed type inhibitor – this was 
studied by Tafel constants ba and bc and polarisation curves of mild steel in the 
presence of PEGLP. Rp readings increase as the concentration of PEGLP increases, 
showing a better corrosion-controlling ability by PEGLP. 
Results based on electrochemical impedance measurements indicate that Nyquist 
plots consist of depressed semicircles centred on the real axis in the complex plane, 
which increases in size as the concentration of the inhibitor increases, implying that 
mild steel corrosion takes place predominantly under charge transfer control. Similarly, 
the electrochemical impedance of the substrate enhances as the inhibitor 
concentration increases and, therefore, the efficiency of inhibition is enhanced. The 
impedance parameters of the mild steel corrosion in 1M HCl in the presence and 
absence of PEGLP at different concentrations indicate that charge transfer (Rct) values 
increases as the inhibitor concentration increases. This confirms the absorption of 
PEGLP on mild steel. It was also observed that C3 values have a tendency to 
decreases, while those of Rct increase. The absorption of PEGLP on mild steel could 
cause the observed decrease in C3 values. 
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CHAPTER 7: SURFACE CHARACTERISION OF MILD STEEL 
7.1 INTRODUCTION 
Prior to the corrosion investigation of the corrosion study, the mild steel substrate used 
in the present research project was characterised using OES, SEM-EDS, XRD and 
AFM. This chapter will compare the surface of the unexposed mild steel with that of 
mild steel exposed to 1 M HCl in the presence and absence of composite inhibitor, 
using the same equipment.  
7.2 CHARACTERISATION OF UNEXPOSED MILD STEEL  
7.2.1 Optical emission spectrometry 
Weight percentage composition of mild steel after analysis using OES is as follows: 
C: 0.08; Mn: 0.73; P: 0.013; Si: 0.03; S: 0.01; Cr: 0.076; Mo: 0.031; Cu: 0.0069; Al: 
0.049; Co: 0.0060; Mg: 0.022; Ni: 0.019, and balanced with Fe. These results were 
employed for both gravimetric studies and electrochemical studies.  
7.2.2 Scanning electron microscope 
Figure 7.1 shows the microstructure of the substrate, polished, etched and viewed 
under SEM working at 20 kV. Results reveal white granules of pure iron (ferrite) with 
small build-ups of dark etching perlite interspersed between them. EDX analysis was 
done to probe element composition of various areas, and the composition of the ferritic 
phase was found to be 96,06% Fe and 3.9% C, while the pearlite phase was 95.72% 
Fe and 4.02% C. 
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Figure 7.1: SEM microstructure of mild steel sample and corresponding EDX 
spectrum (top) ferrite phase and EDX spectrum (bottom) pearlite phase 
7.2.3 X-ray diffraction 
Figure 7.2 shows the XRD pattern of mild steel. In the diffraction pattern of mild steel, 
only ferrite was observed, due to the low-volume portion of pearlite in the steel, in 
orientations (110), (200) and (211), according to database PDXL card No. 01-085-
1410. 
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Figure 7.2: XRD of mild steel 
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7.2.4 Atomic force microscopy 
 
Figure 7.3: A) -2D; B) -3D AFM images of uncorroded polished mild steel surface  
2D and 3D AFM images of uncorroded polished mild steel were examined to 
determine the average roughness (Ra), root-mean-square roughness (Rq), and the 
maximum peak-to-valley (P-V) height values. The Rq, Ra and P-V height results of the 
polished mild steel surface were 9.99 nm, 8.03 nm and 99.6 nm respectively, which 
indicate a relatively homogeneous surface; analysed surface area was 25.1µm2, and 
surface area difference was 0.29%. Figure 7.3 (A and B) displays the uncorroded 
metal surface. The minor roughness observed on the uncorroded polished mild steel 
surface was due to atmospheric corrosion. 
7.2.5 Scanning electron microscope  
SEM was used to study the surface morphology of the corroded and uncorroded mild 
steel. In order to establish the mechanism of the inhibitor with mild steel, SEM images 
were acquired for mild steel in the absence and presence of optimum PEGLP 
concentration for period of 6 h. 
The SEM micrographs of uncorroded mild steel surface in Figure 7.4A shows a smooth 
surface, illustrating that no corrosion formed on the metal surface. The SEM 
micrographs of mild steel surface immersed in 1 M HCl in Fig 7.4B shows the 
roughness of the metal surface, which indicates the corrosion of mild steel in 1M HCl. 
Figure 7.4C indicates that, in the presence of 800 ppm of PEGLP composite, corrosion 
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decreased over the surface of mild steel, owing to the formation of adsorption layer of 
inhibitor on the metal surface.  
From these observations, we can conclude that the inhibitor has a good inhibition 
effect for mild steel and, hence, we confirm the results of other techniques used by 
this study. Figure 7.5A is the EDX spectrum of the unexposed mild steel, Figure 7.5B 
that exposed to 1 M HCl, and Figure 7.5C that exposed to 800 ppm inhibitor with 1M 
HCl. The results show that the unexposed samples have less oxygen, while the mild 
steel that was exposed to 1 M HCl showed chlorine due to the 1 M HCl. The mild steel 
in 1 M HCl containing 800 ppm inhibitor showed nitrogen –this can be attributed to the 
polymer composite (PEGLP) that was absorbed on the surface of the mild steel. 
 
 
Figure 7.4: SEM images of metallic surface A) after polishing; B) after immersion in 1 M HCl for 
6 h; C) after immersion in 1 M HCl with 800 ppm PEGLP for 6 h 
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Figure 7.5: EDX spectra of A) unexposed mild steel after polishing; B) after immersion in 1 M 
HCl ; C) after immersion in 1 M HCl with 800 ppm PEGLP for 6 h 
7.2.6 Atomic force microscopy analysis 
Evaluation of roughness using AFM was performed statically on the surface of mild 
steel unexposed to an acidic environment (control sample), mild steel immersed in 1 
M HCl (blank sample) and mild steel immersed in 1 M HCl containing 800 ppm PEGLP. 
AFM has become a recognised technique for surface roughness study at [105][106]. 
AFM can provide topographic information that promotes understanding and evaluates 
changes in surface morphology, which occur due to corrosion, and formation of a 
protective thin layer on the metal surface of the inhibited and uninhibited environments 
respectively.[107] 
Values of statistical roughness parameters using AFM were determined by image 
analysis, in which Ra represents the arithmetical mean deviation of all height values 
on the surface roughness profile from a mean line within the evaluation length and root 
mean-square roughness, and Rq is a parameter that includes square mean absolute 
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values of the surface roughness profile. The maximum P-V height is the value of the 
topmost peak around the surface profile determined from the baseline. The higher or 
the lower peak or valley deviations on the surface profile, the more sensitive Rq 
becomes compared to Ra. Ra, Rq and P-V roughness parameters for mild steel 
surface immersed in 1M HCl in presence and absence of corrosion inhibitors are 
presented in Table 7.1. 
Ra , Rq, and P-V height values for the unexposed mild steel surface (control sample) 
are 8.52, 10.5, and 69.6 nm respectively. Slight surface roughness, which was 
detected on the control mild steel sample, is attributed to atmospheric corrosion. 
Unexposed metal surface topographic images are shown in Figures 7.6C and 7.7C. 
Ra, Rq, P-V height values for the mild steel surface immersed in 1M HCl are 130 nm, 
173 nm, and 1629 nm respectively. Results indicate that surface roughness values of 
the mild steel surface immersed in 1 M HCl are higher than those of the metal surface 
unexposed to acidic corrosion. The increase in surface roughness is due to an acidic 
corrosion attack on the surface of the mild steel. Topographic images of the metal 
surface corroded by 1 M HCl in the absence of inhibitor are presented in Figures 7.6A 
and 7.7C. 
Ultimately, Ra, Rq and P-V height values for mild steel immersed in 1 M HCl containing 
800 ppm PEGLP were obtained as follows: 13.6 nm, 17.7 nm, and 144 nm 
respectively, which are significantly less than the aforementioned values of mild steel 
that had been immersed in an uninhibited acidic environment. Figures 7.6B and 7.7B 
confirm that the surface of mild steel immersed in 1 M HCl tends to be much smoother 
in the presence of PEGLG. The smoothness is attributed to the formation of a 
protective film of PEGLP on the metal surface, which hinders corrosion attack. 
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Table 7.1: AFM results for carbon steel surface immersed in inhibited and uninhibited 
environments 
Samples RMS (Rq) Roughness (nm) 
Average (Ra) 
Roughness (nm) P-V height (nm) 
Unexposed mild steel 
(Control) 10.5 8.52 69.6 
MS immersed in 1 M HCl 
(Blank) 173 136 1629 
MS immersed in 1 M HCl 
containing 800 ppm PEGLP 13.5 10.1 128 
 
 
Figure 7.6: C: 3D of uncorroded mild steel surface, A: 3D of mild steel surface 
immersed in 1 M HCl and B: 3D of mild steel immersed in 1 M HCl containing 800 ppm 
of PEGLP 
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Figure 7.7: Roughness of: C: uncorroded mild steel surface; A: mild steel surface 
immersed in 1 M HCl; and B: mild steel immersed in 1M HCl containing 800 ppm of 
PEGLP 
7.3 CONCLUSION 
SEM and AFM surface analysis showed that, in the presences of PEGLP inhibitor, the 
rate of corrosion is reduced, this is visible in the smooth specimen surface. In turn, in 
the absence of inhibitor, a corroded, coarse and rough uneven surface was observed. 
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CHAPTER 8: CONCLUSIONS AND RECOMMENDATIONS 
8.1 CONCLUSIONS 
Corrosion is a common phenomenon that has a direct and negative impact on safety 
and the environment, which leads to crucial financial costs in industrial, municipal and 
private environments. To address the issue, the present study managed to 
successfully develop an environmentally friendly and relatively cheap composite 
inhibitor from a selected organic compound, the nitrogen-based L-proline, grafted on 
PEG via hydrogen bonding. Results emanating from FTIR and NMR analysis of the 
composite inhibitor reveal that the composite material has active sites containing 
amino groups and oxygen atoms that are able to absorb to the metal surface. The 
hydrophobic tail chain is long enough to promote IE. 
A polymer composite (PEGLP) was successfully prepared by grafting L-proline to PEG 
via hydrogen bonding. The composite structure was proposed after several techniques 
had been undertaken: FTIR was one of the primary techniques to determine the 
functional groups; NMR was used to determine the molecular structure; SEM-EDS 
helped to identify the chemical composition and the surface morphology; XRD 
confirmed that the material was crystalline; and thermal properties were determined 
by using TGA. 
Polymer composite was tested in 1 M HCl at different concentrations, as a corrosion 
inhibitor for mild steel. First, time immersion and concentration optimisation were 
studied. The study reveals that the optimum time and concentration were achieved 
after 6 h and at 800 ppm respectively at 25ºC, where 94.48% IE was obtained. While 
PEG gave 77.16% IE and L-proline gave 38.69% IE after 6 h and at 800 ppm 
respectively at 25ºC. 
Most processes involve heat, which results in increasing the CR, hence, PEGLP was 
tested at high temperatures, from 298 K to 338 K for 6 h. The CR increased and IE 
decreased as the temperature increased. A maximum IE of 84.23% was obtained at 
318 K. Studying the effects of temperature helped to determine thermodynamics, 
activation parameters and adsorption isotherms. Thermodynamics studies reveal that, 
as the temperature increases, the IE decreases, which shows the instability of PEGLP 
at high temperatures, and that adsorption of PEGLP on mild steel is an exothermic 
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process. Energy activation reveals that energy activation increased from 52.00 to 
55.67 kJ/mol, which was higher than that of blank 33.28 kJ/mol, leading to the 
conclusion that the corrosion reaction on mild steel is decelerated by PEGLP, and 
supports the phenomenon of physical adsorption. Adsorption isotherm studies reveal 
that the Frumkin isotherm model provides the best fit to describe the adsorption of the 
PEGLP on the mild steel surface. ΔGads values show spontaneous adsorption of 
PEGLP on the metal surface. SEM and AFM were used to study the surface of the 
mild steel before and after corrosion. Both techniques reveal that the inhibited mild 
steel was less corroded then uninhibited mild steel. This confirms that PEGLP, indeed, 
inhibits corrosion on mild steel in 1 M HCl. 
Electrochemical studies, such as OCP, PDP and EIS, were used to evaluate the IE of 
the PEGLP on the mild steel. The OCP study indicated that mild steel was less 
attached by an acid in the presence of PEGLP. EIS data from Bode and Nyquist plots 
shows an increase in charge transfer resistance, from 9.612 to 466.9 , based on EIS 
cell simulation to an equivalent electric circuit. PDP data through a tafel plot reveals 
that PEGLP was a mixed type inhibitor: as the concentration PEGLP increased, 
corrosion current density Icorr, decreased in from 255.361 to 162.363 µA, and an 
increase in resistance polarisation occurred, from 11.86 to 148.503 . 
8.2 RECOMMENDATIONS 
This study shows that PEGLP can be used as an corrosion inhibitor for mild steel in 
1 M HCl. To advance understanding of PEGLP’s inhibition properties, the following is 
recommended:  
1. Determine chemical composition of the substrate and surface film of PEGLP, 
and the thickness of the surface film, using X-ray photoelectron spectroscopy. 
2. Study the contact angle of the inhibitor on the mild steel. 
3. Test the inhibitor on different steel, Fe and other metals. 
4. Test the PEGLP in different acid mediums. 
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APPENDICES 
A.1 FOURIER TRANSFORM INFRA-RED (FTIR) SPECTROSCOPY 
Fourier transform infrared red spectroscopy is a non-destructive and qualitative 
analytical technique used for the identification of the molecular structure of polymeric, 
organic or inorganic substances in some cases. Fourier transform infrared red 
spectroscopy is based on the principle of Infrared radiation absorption by certain 
molecules and the conversion of the absorbed IR radiation into energy of molecular 
vibration whereby each of the vibrational modes has a natural motion, which is 
determined by the mass of the atoms connected to each other and the strength of the 
bonds. Hence, the IR spectrum obtained from the FTIR analysis reflects the chemical 
structure and the three-dimensional orientation of molecules in the sample [108]. FTIR 
has many advantages among which multiplex and throughput advantages have been 
studied by Fellgett and Jacquinot respectively [109]. Another advantage lies in the fact 
that a constant resolution can be obtained at all wavenumbers in a defined spectral 
range with no discontinuities in the spectrum. 
In this current work, FTIR analysis has been carried with Nicolet iS 10 Thermo 
Scientific spectrometers equipped with Diamond ATR crystal and connected to a 
computer interface in which spectral data are processed by means of Omnic software 
so as to characterise the type of molecular bonds present in the polymer composites 
used as corrosion inhibitors. The resolution was 4 cm-1, average of 32 scans from 520 
– 5000 cm-1. 
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A.2 NUCLEAR MAGNETIC RESONANCE (NMR) SPECTROSCOPY 
When there is irradiation of nuclei with radiation of frequency ν, the system is termed 
to be in resonance and this causes both absorption and emission transitions to occur. 
According to [109], NMR spectrometry is based on the net absorption of energy in the 
radiofrequency region of the electromagnetic spectrum by the nuclei of those elements 
that have spin angular momentum and a magnetic momentum. The resonance 
frequencies and other spectral characteristics from NMR analysis provide essential 
information on the identity and the molecular structure of the sample. The 
interpretation of proton spectra obtained from NMR spectrometers depends on three 
factors: chemical shifts, multiplicities of resonances and integrated peak areas.  
In this work NMR was used to help determine the molecular structure of the synthesize 
polymer composite. NMR used for the study was Bruker NMR spectroscopy at the 
resonance of 500Hz. Sample was dissolved in D2O solvent using 6mm height NMR 
tube. 
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A.3 SCANNING ELECTRON MICROSCOPE – ENERGY DISPERSIVE X-RAY 
SPECTROMETRY (SEM-EDS) 
SEM is a technique that produces images of the specimen surface down to a micron 
scale by using a focused beam of high-energy electrons, which brings about diverse 
signals from the targeted surface of the solid sample. The contrast in back scattering 
electron BSE and/ or secondary electron SE signals produced by differences in the 
interaction of the beam electrons and specimen reveals information on the specimen 
properties i.e. its morphology (texture), chemical composition and three-dimensional 
orientation planes [110]. A typical SEM instrument is mainly composed of an electron 
gun, lenses, a detector, vacuum and scanning systems. Optics in SEM is utilized in 
order to generate a focused electron probe on the specimen surface by means of 
demagnification of the smallest cross- section of the electron beam near the cathode 
and the image resolution depends on the resolution the probe size.  
The surface morphology (texture) and microstructure of the polymers and steel used 
during different weight loss experiments with and without inhibitors were characterised 
using SEM: TESCAN VEGA 3, which is equipped with a tungsten filament providing 
higher current density at lower cathode temperatures compared to tungsten emitters. 
Its highest resolutions in high vacuum mode scanning electron SE and low vacuum 
mode back scattering electron BSE are 3 and 3.5nm at 30keV respectively. TESCAN 
VEGA 3 uses X-ray detector EDX model: X-MAX Silicon connected to a computer 
interface with Aztec and INCA software, which provides a semi- quantitative analysis 
of the sample. 
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A.4 CARBON, HYDROGEN, NITROGEN AND SULPHUR (CHNS) ANALYSER 
This type of elemental analysis is based on the classical Pregl-Dumas method 
whereby the relative amounts of carbon, hydrogen, nitrogen and sulphur in liquid or 
solid organic matrices are determined by a high temperature combustion process in a 
rich oxygen environment followed by a series of selective absorption of gas products, 
varied detection and quantification methods. CHNS analysis has been used 
extensively across a wide range of applications, including pharmaceuticals, chemicals, 
catalysts etc. [111]. Depending on different configurations, CHNS analysers are 
usually equipped with a variety of detectors such as thermal conductivity detectors 
TCD using frontal chromatography for gas separation, which can only detect CHN or 
separate infra-red and thermal conductivity cells, which detect individual compounds 
including sulphur. Chromatographic signals from the analyte are calibrated against 
pre-analysed standards of known relative concentration for relative quantification 
purpose. The accuracy of the results in CHNS analysis usually depends the purity of 
the oxygen (99.99% pure) used in the process and the overall combustion efficiency.  
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A.5 X-RAY DIFFRACTION (XRD) 
XRD is a non-destructive analytical technique primarily used for the characterisation 
of phases within a crystalline material and can provide crystallographic information on 
the unit cell dimensions. Its instrumentation principle is based on the observation of 
the intensity of scattered x-ray beam from the crystal lattice of the specimen as a 
function of incident and scattered angle, polarization and wavelength or energy. The 
directions of the constructive scattered waves which are symmetrically arranged are 
determined by Bragg’s law [109]. The source of incident X-rays in the diffractometer 
is a vacuum tube composed of a cathodic filament made of a high melting point metal, 
and a specific target metal on the anode. At relatively high voltage and low current 
intensity, as the beam of electrons which are transmitted by thermionic emission from 
the cathodic filament collides with metal target on the anodic side, the large 
deceleration of electrons causes a decrease in their kinetic energy KE which is 
converted into heat energy and x-rays.  
In this current work, diffraction patterns of the polymers and steel scanned at a speed 
of 0.5o/min from 10o to 90o 2theta angle with the x-ray source voltage and current set 
at 40KV and 30mA respectively, were obtained from Rigaku Ultima IV diffractometer 
which is equipped with a CuK (λ= 1.54) target x-ray generator having a maximum 
power of 3KW , a Goniometer capable of measuring 2theta angle from 0o to 162o and 
scintillation counter detector installed with a graphite diffracted monochromatic Kβ 
filter. Recorded spectral data were then processed by means of PDXL software. 
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A.6 THERMO GRAVIMETRIC ANALYSER (TGA) 
Thermogravimetric analysis is a technique in which the change in mass of a given 
substance is investigated in function of time or temperature at a constant heating rate 
in a controlled environment [112]. The change in mass is associated with the reactions 
of decomposition, the loss of volatile material or the reactions with the surrounding 
atmosphere. During TG analysis, a mathematical differentiation of TG curve is carried 
out using computer software which automatically generates Derivative 
Thermogravimetric (DTG) data in order to facilitate the assessment of separate 
temperature ranges and mass losses [109]. In this current work, TGA was carried in 
order to obtain information on the thermal stability of the synthesised polymeric 
composites. To evaluate the thermal stability of polymer composite, HITACHI Thermal 
Analysis System STA 7200RV was used by taking approximate 5mg of sample and 
heating it from room temperature to 1000ºC at a rate of 10ºC/min in an inert 
atmosphere. 
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A.7 ATOMIC FORCE MICROSCOPE (AFM) 
AFM is a technique used to capture images of individual arrangement of atoms or to 
observe the structure of individual molecules in a sample at high resolution down to a 
nanoscale. Topographic information on the sample is revealed by recording the effects 
of force interaction between the AFM tip and the surface of sample; hence the rigidity 
or the stiffness of the material can be evaluated by AFM [106]. Its Instrumentation 
mechanism requires piezoelectric transducers which moves the tip over the sample 
surface and the force transducers which sense the force between the tip and the 
sample [106]. The measurement of the tip-sample force is governed by Hooke’s law 
in a static mode. In a dynamic mode of operation, oscillating cantilevers are used in 
order to measure the tip-sample force [105]. 
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A.8 SPARK OPTICAL EMISSION SPECTROMETRY 
Spark optical emission spectrometry is a reference analytical method for qualitative 
and quantitative characterisation of metallic solid specimens. Spark-OES analysis 
involves electronic excitation of chemical elements present in the sample by supplying 
a high voltage between an electrode and the sample surface under vacuum condition. 
During the analysis process, the change in energy level of electrons from the excited 
state (high energy level) to the ground state (low energy level) is accompanied with 
emission of photons (sparks) with different wavelengths specific to elements present 
in the sample. Therefore, the emission spectrum provides information on the elemental 
composition of the sample whereby the concentration of the considered element is 
determined by measuring the intensity of its wavelength. A typical spark optical 
emission spectrometer is composed of a spark source, optical dispersion system, 
photomultipliers and a computer interface for operation control. The optical system 
consists of a grating device, which diffracts the generated spark on a primary slit and 
focuses it on a secondary slit before reflecting photons to photomultipliers (PMT) which 
converts them to electrical signals. Electrical signals are recorded and used to 
determine the intensity of light.  
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A.9 POTENTIOSTAT ELECTROCHEMICAL ANALYSER 
Electrochemical studies generally consist of various methods in which the interaction 
between the electrical energy and chemical change can be observed in a given 
specific environment [86]. In corrosion science and engineering, electrochemical 
studies are used to evaluate the underlying mechanism of corrosion and the rate at 
which it occurs. Applications based on electrochemical studies used in this current 
work were PDP and EIS.  
Polarisation is a broad term referred to as the change in potential due to the flow of a 
current and mechanical side effects which constitute an isolating barrier between the 
metal and the solution interface [87].  
In essence, PDP is a versatile most used technique from which information on the 
corrosion rate and the degree of metal corrosivity in a specific environment can be 
obtained by monitoring electrochemically generated current in function of time at a 
given potential rate.  
The EIS is an emergent method used to study the interaction between the metal 
surface and the solution interface by superimposing weak AC signal ranging between 
10mV up to 20mV while measuring the response of the system [104]. Data obtained 
from this technique are mathematically expressed in terms of Bode and Nyquist plots 
whereby the impedance of the system is defined as the resistance to the flow of AC 
current in a complex system.  
In the presence study, both PDP and EIS tests have been carried out using Bio-Logic 
ASA Potentiostat Electrochemical analyser model SP-150 with EC-Lab software. For 
polarization and impedance studies, the immersion time was 1 h. The PDP studies 
were carried out over a potential range from -2.5V of cathodic potential to +2.5V with 
a resolution of 100µV of anodic potential with respect corrosion potential at a limit rate 
of 2mV/h was applied and frequency was varied from 20Hz to 0.1Hz. The real and 
imaginary parts of the impedance were plotted as Nyquist plot. From the Nyquist plots, 
the Charge Transfer Resistance (Rct) and Double Layer Capacitance (Cdl) values 
were derived. The charge transfer resistance values were obtained from plots of Z’ Vs 
Z’’. 
 
139 
The experiments were carried using a three-electrode electrochemical cell. Mild steel 
specimen of 1.2 cm2 area was used as the working electrode, platinum electrode as 
counter electrode and saturated calomel electrode as reference electrode. Prior to 
each experiment the working electrode surface was polished with silicon carbide 
abrasive paper from grade 400 to 1 200. 
 
